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GENERAL DESCRIPTION OF THE WORK

Description of the work

Solution combustion synthesis (SCS) is a rapid, energy-efficient, and versatile route for
producing nanostructured materials through the highly exothermic reaction of metal
nitrates with organic fuels. This approach enables the preparation of oxides, metals, and,
in some cases, nitrides, sulfides, and phosphides. SCS-derived materials find wide
application in catalysis and in energy-storage and conversion technologies.

Despite these advantages, SCS faces key limitations: non-uniform product morphology,
relatively low crystallinity, and difficulties in controlling product composition and
potentially harmful gaseous products. These drawbacks stem primarily from the swift
reaction rate and the limited understanding of the underlying kinetics and mechanisms.
Consequently, elucidating the kinetics and mechanism of SCS is crucial for both
fundamental science and industrial implementation. A deeper mechanistic understanding
will enable optimization of synthesis conditions, prediction and control of the combustion
behavior, and ultimately regulation of product quality.

Aim and problems of the work

This work aims to elucidate the mechanism and kinetics of SCS, explore their
interrelationship, and determine how they govern the resulting products’ microstructure,
composition, and properties The study focuses on selected transition-metal systems
chosen for their practical significance, including oxides (NiO, CoO, NiO-Fe,0;, NiO-CuO-
Cu:20), alloys (NisFe, NiCu), and a complex nitride (NizCuN). Organic fuels, such as glycine
(C,HsNO,), citric acid (C4HgO;), and hexamethylenetetramine (CgH;,N,), serve as reducers.

To accomplish these objectives, the following tasks are addressed:

¢ Investigate SCS reactions in the Ni(NO3s)2-C2HsNOz, Ni{NOs).-CsHsO7, Ni(NOs).-

C6H12N4, CO(NO3)2—C5H12N4, Ni(NOs)z—Fe(N03)3—C6H12N4, and Ni(NOs)z—CU(NOs)z—

CsHi2N4 systems.

e Examine how fuel type and ratio, oxidizer amount, reaction medium, pressure, and

process mode affect the reaction mechanism and kinetic parameters during product

formation.

e For relatively simple systems—Ni(NO3).-CoHsNO2,  Ni(NOs).-CsHizN4,  and

Co(NOs)—CeHi2Ns—calculate adiabatic combustion temperatures and equilibrium

product compositions as a function of the solution composition, and benchmark these

results against experimental data.

e Develop and apply a method to evaluate the effective activation energy of SCS

reactions. Assess how the heating rate of the initial solutions influences SCS kinetics

and mechanisms, and analyze the composition of evolved gaseous products.

¢ Employ a suite of analytical techniques to correlate reaction mechanisms with the

structural, compositional, and morphological characteristics of the solid products.



¢ Investigate low-temperature sintering of the nanopowder products and determine
the physical and mechanical properties - including density, nanohardness, elastic
modulus, and magnetic behavior - of selected compact samples.

Novelty of the work

e The chemical mechanism and kinetics of SCS processes, and the relationship
between them, were comprehensively investigated in representative model systems
enabling the controlled synthesis of oxides, metals, alloys, and complex compounds.

¢ Thermodynamic calculations established the equilibrium product compositions and
the adiabatic combustion temperatures for the studied systems.

e Product formation follows a distinct sequence governed by the fuel-to-oxidizer
ratio: fuel-lean solutions predominantly yield oxides; increasing the fuel content
promotes the formation of metals or alloys; and high amounts of nitrogen-containing
fuels favor the formation of complex nitrides. This trend is linked to the release of
reducing gases (Hz, CHa, N2H4) during excess-fuel decomposition.

e The interaction mechanisms in the Ni(NOs):-CeHiaNs, Co(NOs)2-CsHizN+, and
Ni(NO3)2-Cu(NO3)2-CeHi2N+ systems were elucidated, revealing that the synthesis
mechanism is controlled by the interaction of intermediate products formed during the
decomposition of fuels and oxidizers.

e The Merzhanov-Khaikin method of kinetic analysis was applied to SCS reactions,
demonstrating that the rate-limiting stage of combustion is the decomposition of
nitrates.

e Combined thermal analysis and mass spectrometry provided detailed data on the
mechanism and kinetics of the process for selected model systems.

Practical value of the work

e The studies enabled precise control over the synthesis process including - rate,
reaction time, and conditions— enabled the production of homogeneous, fine-grained,
and high-purity materials, including NiO, CoO, Ni, y-Co, &-Co, NisFe, and NisCuN.

¢ High-density compact samples were obtained by sintering Ni and Co powders
synthesized via SCS at relatively low temperatures (775 K and 1273 K). Notably, the
formation and retention of the metastable y-Co phase in the compact samples, typically
prone to transformation into e-Co, represent a significant achievement rarely
attainable by conventional methods.

¢ Oxidation of metals and alloys during the post-combustion stage was successfully
suppressed by maintaining an inert atmosphere: a pressure of 0.1-1.5 MPa in the self-
propagating mode or a flow rate of 500 cm® min™ in the volumetric combustion mode.
¢ Tailoring the initial composition, it was enables to synthesize a broad range of
products: simple oxides (NiO, Co0O), mixed oxides (NiO-Cu20, NiO-CuO, NiO-Fe20s),
pure metals (Ni, y-Co), alloys (NisFe, CuNi, Cuo.isNio.ss), and the complex nitride
NisCuN. Furthermore, in the Co(NOs).-CsHizN+ system, careful control of the cooling
process enabled the formation of a metastable Co phase.
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e In the Ni(NOs)—Cu(NOs)-CsHi2Na system, employing a significant excess of fuel
promoted the formation of the complex nitride NisCuN during the cooling stage.

Content and structure of the work

The dissertation consists of an introduction, six chapters, conclusions, and a list of
references. It is presented on one hundred and forty-three (143) pages, includes eight (8)
tables, sixty-three (63) figures, and one hundred and fifty three (153) references.

Publications

The main part of the dissertation has been published in seven (7} articles in high-
impact international peer-reviewed journals, one of which was published without co-
authors, as well as in six (6) conference abstracts.

Chapter 1. Literature review

This chapter surveys the origins, scientific foundations, and practical applications of
SCS. It provides a detailed analysis of the various SCS regimes, emphasizing both their
distinguishing features and common principles. Particular attention is given to the
precursors used in SCS, covering their selection criteria, reactivity, advantages, and
classification into distinct groups. The review further examines available thermodynamic
and kinetic data, analyzes the current understanding of SCS reaction mechanisms, and
evaluates existing approaches to their description. It also identifies the classes of materials
accessible through SCS and highlights how the synthesis regime and choice of precursors
determine the microstructural characteristics of the final products. Finally, the chapter
summarizes the advantages that make SCS a highly efficient and versatile method in
modern materials science, while also addressing its key limitations and the need for
continued research and methodological refinement.

Chapter 2. Experimental section

Model systems were selected that yield pure oxides and metals, alloys, and complex
nitride-based phases. Experiments were performed under two combustion regimes:
volume combustion and self-propagating combustion. In the volume combustion regime,
reactions were carried out in borosilicate beakers under a continuous flow of inert gas
{argon or nitrogen) to suppress unwanted oxidation and maintain stable combustion. In
the self-propagating combustion regime, reactions were performed in paper boats placed
inside a constant-pressure reactor. Thermocouples recorded combustion temperatures in
both regimes, and in the self-propagating mode the propagation velocity of the
combustion front was also measured.

To investigate the mechanism and kinetics of SCS processes, the model systems were
subjected to thermal analysis using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA)} under varying conditions. These techniques enabled
identifying phase transitions, quantifying mass losses, and determining effective activation
energies through established mathematical models.
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The solid products were characterized by X-ray diffraction (XRD), with phase
composition determined using international diffraction databases and refined through
Rietveld analysis. Morphological features and microstructures were examined by high-
resolution scanning electron microscopy (SEM), providing information on particle size,
shape, and spatial distribution. Energy-dispersive X-ray spectroscopy (EDS) enabled local
elemental analysis, while transmission electron microscopy (TEM) offered high-resolution
imaging of nanocrystalline domains. The thermal stability of the combustion products and
their structural changes (sintering) at elevated temperatures were evaluated using a High-
Speed Temperature Scanner (HSTS). Additional characterization included specific surface
area measurements (BET method), density determinations, nanoindentation for hardness
and elastic modulus, and magnetic property measurements. This comprehensive suite of
analyses allowed direct correlation between product properties, synthesis regimes, and the
characteristics of the selected precursors.

Chapter 3. SCS process in Ni(NOs).-fuel systems

In this chapter, SCS was studied in Ni(NOs)2 - organic fuel systems. In particular, the
following reactions were considered in the nickel nitrate-glycine and nickel nitrate - HMTA
{(hexamethylenetetramine) systems:

, 10 5 20 25 5¢+9
Ni(NO3), +5-¢ CHsNO, +5 (¢ = 1) 0, = NiO + -9 €O, + 59 H,0 + —5— N, (D)
. 5 5 5 5 5¢+9
Ni(NO3), + 35 CHiaNg +5 (0 = 1) 0, = NiO +50 €0, + 29 H0 +—5—N, (2)

Thermodynamic calculations were carried out, in which the value of ¢ (fuel-to-oxidizer
ratio) was varied within the range of 0.1 to 3, and the value of n within the range of 0 to 6
mol, taking into account the maximum amount of water in the nickel nitrate hydrate.

The calculations were performed at a pressure of 0.1 MPa, using two approaches -
without oxygen and with oxygen participation. The results of the calculations with
molecular oxygen participation for the nickel nitrate - glycine system are presented in Fig.
1. At low water contents, an increase in the value of ¢ leads to a rise in T,5. The maximum
value of T,4 is observed at ¢ = 3 and n = 0 (2480 K). The main gaseous products are CO2
and N2, whose equilibrium amounts increase in parallel with the growth of ¢ (for a given n
value) and water vapor (not shown). Although CO2 and N: are the predominant gaseous
products, the formation of NO and CO is also observed in certain fuel-rich systems. In the
gaseous products of fuel-rich systems, a small amount of H: is also detected (up to 0.19
mol). The amount of O2 decreases with increasing ¢, up to approximately ¢ ~ 1. In fuel-
rich systems (¢ > 2) with low water content (n < 3), the amount of O: is slightly higher.
The molecular oxygen present in the system mainly promotes the formation of NiO.

In the calculations without oxygen, the maximum T,, (2000-2230 K) is recorded at ¢ ~
1 and n = 0. In all other cases, the temperature decreases with increasing values of the
two variables.



Similar calculations were also carried out for the nickel nitrate - urotropine system.
For both systems, in order to compare the adiabatic combustion temperatures determined
with and without oxygen participation to the maximum experimental combustion
temperature, the results are presented in a single generalized graph (Fig. 2), as a function
of the amount of water used in the system. The dashed curves correspond to the
calculations with oxygen, while the solid curves correspond to the calculations without
oxygen. The experimentally measured Tc values are close to the thermodynamically
calculated Ta values obtained without oxygen. Nevertheless, in the glycine system, the
maximum experimental temperature is observed at (p = 1.25, while the maximum Ta is
calculated at =1 (Fig. 2a).

As a result of vaporization, the gel retains 2 molecules of bound water. In this case, the
difference between Tadand Tcis about 500 K (Fig. 2a). For systems containing FIMTA, the
difference between Tcand Tais considerably larger (Fig. 2b. Taking into account that, the
ignition temperature of HMTA - containing solutions is 470 +10 K, the gel formed after
vaporization may contain 1-2 mol of bound water, and the corresponding difference
between Tcand Tadamounts to about 900 K over a relatively wide range of qvalues.



The phase composition of the solid products obtained experimentally by X-ray phase
analysis was also found to coincide with that calculated. Specifically, the combustion
products of fuel-lean systems were oxides, whereas those of fuel-rich systems were metals.
However, despite high fuel content, a considerable amount of oxide was still present in the
nickel nitrate- HMTA system. Fuel-rich and fuel-lean compositions were selected for both
systems, and solutions with these compositions were dried for different time intervals to
obtain gels with varying water content. These gels were combusted, and the combustion
wave propagation velocity and temperature were determined. Based on the obtained
values, Arrhenius plots were constructed. For the first time, applying the Merzhanov-
Khaitkin method commonly used for solid-phase reactions, the activation energy values
were determined for systems of different compositions.

tp ratio tp ratio
(Tc, blue data points) versus @ ratio for the Ni(N03) 2+ "< C2H5NO2+Yo>- 1) 02+ nH20 (a)
and Ni(NO3) 2-F-j-(pC6H12N<+ r)(ip—) 0 2-i-nH20 (b) systems. Plots also include calculated
Tad values (solid and dashed lines)

The high activation energy (Eg values are characteristic of fuel-lean systems, where the
final product is NiO. Although in the present work the Ea values were calculated
considering thermal and mass transfer processes (macroscopic kinetics), it can be
assumed that the activation energies may also be determined by certain rate-limiting
stages affecting the combustion front velocity (V). The obtained values were compared with
the decomposition activation energies of the starting materials (decomposition Ea of
anhydrous nickel nitrate in air is 143-153 kj-mol™; for glycine in nitrogen, 158 kj-mol"%,
and for HMTA, 75 kj-mol™). From these comparisons, it can be concluded that complex
compounds are formed during the decomposition of the initial reagents, whose
decomposition constitutes the rate-limiting step for these systems. Such a mechanism is
referred to as the complexation-combustion mechanism. However, this hypothesis has not
yet been experimentally confirmed and remains at the assumption stage.

In particular, in the nickel nitrate - HMTA system, X-ray phase analysis of the
combustion products obtained from experiments carried out in a constant-pressure
reactor under 3 MPa pressure has shown that in fuel-lean systems the combustion product
is a metal oxide, while starting from go= 1.5, pure metal is formed (Fig. 3).
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Fig. 3. XRD patterns of combustion products for the
Ni(N03)2+ ~tpceH12N4 + -(tp- 1) 02+ n H20 gelsFig. 2. Maximum combustion temperature

Nickel obtained from gel combustion at go= 1.5 exhibits a porous structure (Fig. 4a, b),
where the particles are sintered together and no grain boundaries are observed. Such a
structure makes it possible to easily compact the product even at 773 K. After compaction
at 773 K, a sample with a density of 90 + 2% and a homogeneous structure was obtained
(Fig. 4c). The cross-sectional view clearly shows the presence of certain porosity, with pore
sizes ranging from 1 to 5 pm. Elongated pores are also present, and distinct grain
boundaries between individual particles can be observed (Fig. 4d).

Fig. 4. SEM images of nanoscale Ni prepared by combustion of fuel - rich gels and
sintered samples: Ni powder prepared at 0.3 (a) and 1.5 (b) MPa nitrogen pressures,
sintered samples at 773 K (c) and 1275 K (d)

After compaction at 1275 K, denser samples with 95 + 2% density were obtained,

containing a limited number of pores («0.5 pm) (Fig. 4d). In the cross-sectional view, the
grain boundaries are poorly expressed.



Chapter 4. SCS process in CodMChla-CeHialsU system

A similar investigation was also carried out in the cobalt nitrate-HMTA system. The
following reaction was considered:

5 5 5 5 5p+ 9
Co(N03)2+ — @CBHI2NA + (o 1) 02 = CoO +-q, CO2+ -cp H20 + A — N2 (3)

Thermodynamic calculations were carried out at very low amounts of HMTA (¢p = 0.1-
0.25), C0304 is formed. With increasing HMTA content, the amount of C0304 decreases,
and CoO begins to form as a result of reduction. In the range g = 0.5-1, the product
consists solely of CoO. Further increase in HMTA promotes the complete reduction of CoO
to the metal. At g > 1.5, the product is exclusively Co. At the same time, in the studied
system Ta increases with increasing HMTA content, reaching its maximum value (tp = 1,
2700 K). Further increase in the reductant results in a gradual decrease of Tad (p = 3,
1300 K), and starting from ¢>= 3 it remains practically unchanged.

The change in product composition as a function of fuel content was consistent with
the experimentally obtained product composition. The combustion product of fuel-lean
gels was CoO, whereas near tp = 1, the combustion product represented a mixture of y-Co
and CoO. In fuel-rich systems, CoO was reduced to metallic Co (Fig. 5a). It should be
noted that, since the combustion temperature of fuel-rich gels (800-1600 K) is higher
than the allotropic transformation temperature of cobalt, metastable y-Co is formed. At
the same time, the rapid cooling of the product prevents the y-&transformation.

D Q0 50 60 0 & 20 30 40 50 60 70 80
2& degree 26. degree

Fig.5. XRD patterns of combustion products of the Co(N03)2 + -cp C6H12N4 gels at
different gratios (a) and samples sintered at 775 K and 1275 K (b)

SCS processes proceed quite rapidly; therefore, to correctly evaluate the mechanism,
thermal treatment of gels with ratios of fp = 0.75 and @ = 1.5 was carried out under
milder conditions than SCS. The gels were heated at 10-70 K-min™. The results of the
study show that, for the two-component gels, the characteristic combustion reaction
occurs at 450-550 K (Fig. 6). For the fuel-lean gel, the DSC curve obtained at a heating
rate of 10 K-min", in addition to the central characteristic intense exothermic peak (465
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K), also includes two smaller exothermic peaks in the temperature ranges of 450-460 K
and 480-500 K (Fig. 6a, green curve).

(b} at different heating rates

In the case of the fuel-rich gel, two characteristic exothermic peaks are observed: the
most intense peak appears at 450 - 490 K (Peak I), while the second, less intense one,
occurs at 490 - 575 K (Peak Il). For both fuel-lean and fuel-rich gels, as the heating rate
increases from 10 to 70 K-min™, the primary peak shifts to a higher temperature range,
while the smaller peaks merge with the main one. By applying the Kissinger method to the
prominent exothermic peaks, the Eavalues for the transformation of the fuel-lean and fuel-
rich gels were determined, yielding 96 +4 kj-mol™ and 205 + 11 kj-mol"™, respectively.

When heating the gels at a rate of 30 K-min"™, simultaneous mass-spectrometric
analysis was also carried out (Fig. 7). According to the obtained results, the signals of
CH4{m/z = 16) and N2H4{m/z = 32) ions sharply increase, corresponding to the main
exothermic stages of the DSC curves of both gels. However, in the case of the fuel-rich
gel, the signals of these ions are comparatively more intense (Fig. 7b) than in the fuel-lean
gel (Fig. 7a).

Fig. 7. Mass spectroscopy results for Co(N03) 2+ ~<pCeH12Ndsystems, when g =0./5 (a) and

=15 (b) heated at 30 K min' rate
11



A sharp increase is also observed in the signals of NO2*(m/z = 30) and CO2*/N20*(m/z
= 44) ions, which are likewise associated with the primary exothermic process. However,
their decrease occurs more slowly than the flow of CH+* and N2H+* ions. Meanwhile, the
formation of the H.0*(m/z = 18) ion begins later than the other ions, then reaches a
maximum value, remains stable for a specific time, and finally decreases sharply (Fig. 7).

Based on DSC/MS measurements and literature data, we propose the following
pathway for the combustion of Co(NO3), + %(p C¢Hi,Nysolutions

Co(NO;), — Co30,+ NO, + O, (4)
CeHiNy — CH, + NHy + N, (5)
CH,+ 0,(NO,) — CO, + H,0 (+N,) (6)
NyH, + 0(NO,) > N, + H,0  (7)
2C0304 + NoH,; = 6Co0 + N, + 2H,0 (8)
4Co;0, + CH, = 12Co0 + CO, + 2H,0 (9)
2Co0 + NH; =2Co + N, + 2H,0  (10)
4Co0 + CH, = 4Co + CO, + 2H,0 (11)

Dehydration of cobalt nitrate hexahydrate occurs at 300-450 K, followed by
decomposition of the anhydrous salt at ~450 K, producing Cos04 (4). Thermodynamic
calculations  predict CosO4 formation at ¢ < 0.5 Meanwhile, fuel
sublimation/decomposition releases CHs, N2Ha, and N2 (5). The exothermic peak at 450-
460 K in fuel-lean gels (Fig. 6a, 7a) corresponds to Co:04 reduction to CoO via reactions
(8) and (9), confirmed by XRD (Fig. 5). Increasing the heating rate merges this step with
the primary exothermic stage. CHs+ and NaHa further react with NO2 and O, forming
hypergolic mixtures that provide the main combustion heat ((6), (7)). The apparent
activation energy of this stage is 96 * 4 kJ-mol™, higher than that of cobalt nitrate
decomposition (59 = 5 kJ-mol™") and close to the sublimation heat of CeHNs (75 + 3
kJ-mol™), suggesting fuel sublimation/gas-phase decomposition is rate-limiting.

For fuel-rich gels (¢ = 1.5), thermodynamics and XRD confirm y-Co formation (Fig. 5).
CoO reduction by CHs and N:Hs proceeds via reactions (10) and (11). Reaction (11)
activation energy (155 + 20 kJ-mol™) is close to the apparent value for the primary
exothermic stage (205 £ 11 kJ-mol™"), indicating that CoO reduction ((10), (11)) is rate-
limiting for y-Co formation.

The samples prepared from gels with ¢ =1.5 were sintered at 775 K and 1275 K (Fig.
6b). The sample sintered at 1275 K shows only diffraction peaks for y-Co (Fig. 6b). The
samples processed at 1275 K exhibit a more homogeneous microstructure: they are well-
sintered and less porous. The relative density of these samples is 88 =3 %. Fig.8a shows a
low magnification BF STEM image of a sample sintered at 1275 K. The 1275 K sample
shows few small pores, grains of various shapes, and well-defined boundaries. Twins are
rare, but many dislocations are present (Fig. 8b), consistent with increased defect density
during the e-p transition. Rapid cooling (~150 K-s™'} prevents y-e back-transition and
preserves these dislocations (Figs. 8b,c). A typical high-resolution STEM image of a grain
shows (211) and (200) lattice planes for y-Co, while the corresponding fast Fourier
transform (FFT) of the image exhibits (111), (002}, and (220) planes (Figs. 8d).
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Fig. 8. TEM analysis of a sample sintered at 1275 K: Low (a) and high magnification (b) BF
STEM image of a grain, SAED pattern for the same grain (c), and high-resolution HAADF
STEM image (d) of the y-Co grain with FFT pattern (inset)

Nanoindentation tests were conducted to determine the elastic modulus and
nanohardness of the sintered samples. We also conducted nanoindentation measurements
for a pure e-Co sample. The resaults shown in Table 1 These results indicate that sintered
samples containing y-Co exhibit relatively higher Young’s moduli than e-Co samples at
similar grain sizes. We can expect that mechanical properties of y-Co could be improved
with more dense samples due to more complete particle bonding.

Table 1 Nanohardness and Young’s modulus of samples.

Relative Phase Nanohardnes, Young's
Sample
density, % composition GPa modulus, GPa

Synthesized by SCS

88 y-Co 3.2 +0.15 129.0 +9

and sintered at 1275 K

Melt solidified and

100 £-Co 3.9 0.3 93.8 #3

rolled

13



Chapter 5. SCS process in NilNChk-FedMChH-CeHialsU system

To study the regularities of SCS in a multicomponent system and simultaneously obtain
pure NiaFe intermetallic compound in a single step, the 3Ni(N03)2-6H20-Fe(N03)3-9H20-
(pCeH™Nt system was investigated, keeping the nitrate content constant and varying the
amount of fuel (cp). The value of was changed within the range of 1to 12. At n <land n
> 12 values, combustion limits were observed. XRD analysis of the products obtained at
different fuel contents showed that pure NisFe phase is formed at tp= 6 (Fig. 9). At (p =4,
in addition to the [\li3Fe alloy, traces of the NisFeN complex nitride were also detected in
the product.

Ni3Fe
=6 Ni,Fe X Nif * NFFe
INI2
Ni3FeN |
NuFe
oP>=4 Ni3Fe \ j )\ Nf e
£ Ni
1A
¢
D
Ton i
°"™ No Ni
1 Fe203 NjO Ni
'P=2 / Al \ A
NisFe- PDR#38-0419
Ni-rorm <otso
20 30 40 50 60 70 SO
20, degree

Fig. 9. X-ray diffraction patterns of the combustion products of the 3Ni(N03)2-6H20-
Fe(N033-9H2-cpC6H1N4 system for different values of @

To understand the possible transformations in the reaction gel and the mechanism of
SCS, TG analysis was carried out by heating the materials under milder and controlled
conditions. According to the obtained results (Fig. 10), in a nitrogen atmosphere,
hexamethylenetetramine decomposes in the temperature range of 413-513 K, completely
converting into gases. Under the same conditions, the decomposition of Fe(N03)3-9H20
starts at 323 K. Two characteristic stages are observed, forming Fe2C3 at 473 K. The
decomposition of Ni(N03)2-6H2(D starts at 403 K and, according to literature data, is
accompanied by dehydration, leading to Ni(N03)2-2H20. The latter decomposes in the
range of 583-653 K to form NiO.The TG curve of the mixture with optimal composition
shows that intensive interaction occurs at 483-493 K. In this range, as mentioned, Fe203,
Ni(NC)3)2-2H20, and a mixture of gases are present in the system. Therefore, it can be
assumed that NisFe is formed due to the interaction of these substances. Alternatively, a
complex intermediate compound may first form from the interaction of the starting
components, and its decomposition followed by the direct interaction of the released
metals leads to the formation of the target NisFe alloy.
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Temperature, K
Fig. 10. TG curves of the reaction mixture and starting materials with the composition
3Ni(N03)2-6HD + Fe(N03)3-9H2D + 6 CeHIMNA

When @ = 6, the Ni; Fe ratio is 2.7:1. According to the results of local X-ray spectral
analysis of Ni3Fe, it lies within the single-phase region of the Fe-Ni phase diagram
corresponding to the NiaFe intermetallic compound. On the other hand, microstructural
investigations showed that the product is an agglomerate with a porous structure. The
magnetization of the obtained Ni3Fe intermetallic compound is 50 + 0.5 A m2-kg"1 which
allows it to be classified among superparamagnetic compounds.

Chapter 6. SCS process in Ni(N0O3I2-Cu(N03I2-C6Hi2N4 system

In this chapter, the combustion process was studied in t he 3Ni(NC>3)2-Cu(N03)2-
5C6H,2N4 system with the aim of preparing NiaCuN complex nitride with an antiperovskite
cubic structure. A representative time-temperature profile for the combustion process of
the 3Ni(N03)2 + Cu(N032 + 5C6HIN4 solution exhibits five distinct stages: preheating,
rapid self-heating (combustion), the first cooling, a constant temperature plateau, and the
second cooling (Fig. 11a). The inflection point between the heating and combustion stages
marks the ignition temperature (Tig, which is 400 K. During the combustion stage, the
temperature increases at approximately 50 K/s rate, reaching a Tna of 845 K. In the first
cooling stage, the product cools at 4.5 K/s until the temperature stabilizes at around 600
K for about one minute. After this plateau, the material undergoes a second cooling stage
at a rate of approximately 1.5 K/s. The XRD pattern for the SCS product closely matches
the calculated diffraction pattern (ICDD PDF-2 #01-084-8255) for cubic (Pm3 m) Ni3CuN
(Fig. 11b). The product features uniform near-spherical agglomerates with an average size
of approximately 360 + 140 nm.
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Fig. 11 A time-temperature profile for combusting 3Ni(N03)2+Cu(N03)2+5C6Hi2N4solution
(@) and XRD pattern of the resulting material along with the calculated diffraction pattern
(ICDD PDF 2 #01-084-8255) for Ni3CuN (b)

To further investigate the SCS reaction dynamics, TGA analysis of the 3Ni(N03)2 +
Cu(N03)2+ 5C6/H2N4 gel was conducted up to 850 K with heating rates ranging from 5 to
30 K min 1(Fig. 12). The TGA curves revealed five distinct stages, each reflecting specific
thermal events and chemical transformations.

Stage |, occurring between 300 and 470 K, corresponds to the dehydration of crystal
hydrates in copper nitrate and nickel nitrate. For copper nitrate, dehydration produces
Cu(N03)2-3Cu(0Fl)2along with the release of NO2and water vapor:

Cu(N03)2-3H20 —€u(N03)23Cu(0H)2+ N02+ H20 (13)

Nickel nitrate hexahydrate undergoes a similar dehydration process, forming
Ni(N03)2-2-H0 , NO2and water vapor:

Ni(N03)2-6H20 —Ni(N03)2-2H20 + N02+ H2O (14)

Around 470 K, stage Il begins with the decomposition of Cu(N03)2-3Cu(0FI)2to form
CuO, NO2 and water vapor. This decomposition is also a ccompanied by the catalytic
conversion of NO2on the surface of CuO, generating NO and 02

Cu(N03)23Cu(0H)2-CuO + NO2(NO +02 + HXO (15)

N02Z5N0+02 (16)

Notably, stages Il and Il in the TGA curves align with the reported decomposition
temperature range of CEFI12N4. Depending on the atmosphere, C6HIMN4 undergoes either
endothermic sublimation and gas-phase decomposition between 460 and 600 K or
exothermic decomposition, vyielding solid or oily organic matter (CxNyFlz) along with
gaseous products such as NH3, CAH4, N2, and N2

C6HINA -N 2H4 + CH4 + N2+ CxN\NyHz  (17)

The onset of stage Ill, occurring around 530 K, corresponds to the thermal

decomposition of Ni(N03)2-2FI20, which produces NiO, N02 and water vapor:
Ni(N03)2-2H2 -NiO + N02+ H2D (18)
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The heating rate significantly influences the dynamics of stage Ill. A more gradual
weight decrease is observed at 5-15 K min, rates, while samples heated at 20-30 K min
exhibit an abrupt weight loss. Simultaneously releasing nitrogen oxides from nitrates and
reducing gases (NH3, CH4, N2H4) from decomposing C6HI2NA creates a hypergolic gas
mixture. Oxidation of reducing gases by nitrogen oxides in such mixtures generates
significant heat according to these interactions:

NH3 (N2H4) + NONO, ND) -N2+ HD  (19)
CH4+ NOZNO,N20) -C02+ N2+ HD (20)

Therefore, we assign stage lll on the TGA curves as the combustion stage observed on
time-temperature profile (Fig. 11). The high combustion temperatures and availability of
reducing gases due to the excessive C6H,2N4 reduce the metals according to these
reactions:

CuO +CH4 (NH3, N2H4) —CuD +C02g) (N2g)) +HD (21)
Cu20 +CH4 (NHi, I"H,) -Cu +C02(N2 +H20 (22)
NiO +CH4 (NH3, N2H4) -Ni +C02 (N2 +H2D (23)

Next, the interaction of metals forms Cu0l4Ni086 which eventually converts into a
relatively copper-rich Ni-Cu alloy:

Cu+Ni —€uOMNi086+Cu —Ni-Cu (24)

We postulate that Ni3CuN formation occurs in stage IV, corresponding to a plateau in
the time-temperature profiles (Fig. 11a). The Ni-Cu alloy converts into Ni3CuN due to the
supply of nitrogen-containing species of decomposing CxNyHz

. ¥ (CxNyHz)
Ni-Cu -4 Ni3CuN (25)

Stage V in the TGA curves can be attributed to several processes: oxidation of
carbonaceous residues and the thermal decomposition of the formed Ni3CuN. The
thermal analysis of SCS-derived Ni3CuN supports this assignment, showing decomposition
and nitrogen removal.

Fig.12. TGA analysis results of 3Ni(N03)2 +Cu(N03)2 +5C6H,2N4gel at 5,10,15, 20, 25, 30
K/s heating rates
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The formation of Ni;CuN through this SCS mechanism involves a sequential process:
oxide formation, reduction to metals, alloying, and nitridation.

Conclusion

1. The key controlling parameters of the SCS process are the fuel type and fuel-
oxidizer ratio, which directly influence the combustion temperature, chemical
composition, and microstructure of the synthesized materials.

2. For the investigated SCS systems, the effective activation energies were determined
characterizing  the decomposition of the precursors or intermediate complex
compounds.

3. The maximum temperature attained during SCS is governed by the heat released
from the interaction of nitrogen oxides (N:0, NO, NO:), formed via nitrate
decomposition, with the reducing gases (N2Hs, CH4) generated by fuel decomposition.
4. By varying the amount of fuel - and consequently the concentration of reducing
gases such as CHs and N2Hs - it is possible to control the final product composition,
enabling the selective synthesis of metal oxides, free metals, and/or alloys.

5. Nickel and cobalt nanopowders prepared by SCS demonstrate high sinterability at
low temperatures (<1273 K). Short-term thermal treatment of these powders produced
compact samples with relative densities exceeding 90%.

6. Rapid cooling successfully preserved the high-temperature metastable y-Co phase,
which exhibits superior magnetic and mechanical properties, preventing its
transformation into the thermodynamically stable e-Co phase at lower temperatures.

7. In the nickel-copper nitrates/hexamethylenetetramine system, nitrogen-containing
intermediate products generated during fuel decomposition reacted with the NiCu
alloy formed in the combustion wave, resulting in the synthesis of the complex nitride
NisCuN—an antiperovskite material with promising catalytic and magnetic applications.
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uuUbMruuL3UL LUrbpLe <rUkyh

LNRONR3@LENP USPUUU PR UbLIEERP UhLEShUU3Dh B4 UbluULhRU P
<GSURNSNRG3NRLLE UBSUTP LhSTUS - OrquLuuuL 46ruuuLaLh
cuvuyurasrnhy

uveneushr

Lnwnypubph wjpdwdp uphupbgn (LUU) hwunhuwund b wpwg, wprynibwybun,
Lubpghwhutwnn, unpwpwpwlwu dbenn twunyuwnnigwdpwiht Ujnyebiph unwgdwi
hwdwp: LUU wpbigbuh hhdpnud pulws £ dbnwnubiph inébh wnbph' dwutwynpuwbu
Uhwpwnutbiph (opuhnhs) U opquitwlwt Yepwlywuguhgubiph (Jwntihp) dhol pupwgnn
Eygnebpd thnfuwgnbigniyeniup: LUU wpngbup htwpwynpnignia £ wwhu unwbiwg
hpduwlwunw opupnubp, dbwnwnubp, Gppbdu wnebph wy nuubp' thophnubn,
unydbhnubp, $nudbhnubp’ pwgdwquu Yhpwnnyggniuubph hwdwp: Uwutwynpuwbiu,
LUU-ny unwgywd pwqdwphy wwpq b pwpn opuphnubp Uppwnynd U npwbu
Juwwihqunnpubp qugbiph opuhnwgdwi, oph b opgqwuwlwl Wnipbiph pwipwjdwi
nbwyghwubpnuw: LUU wpngbiuny uwmwgywd Unyebpp jwit Yhpwnnyggniu nubu
tubpghwih wwhwwudwu b thnfuwlbpydwt npppnubpnd npubu dwpwnyngubph,
ubitunputiph, giphwnnpnhsubiph punwnphsubp b owyu:

Quwiny wénwd | hGunwppppnigyniut wju  Gnwuwyny  ynebph unwgdwu
uhwuwndwdp, vwluwiu LUU wpngbut niuh npnowlh uwhdwbwhwynuiubp' fuwyws
wpqwuhph Junngywdpwiht hwdwubnnipjut, Gpphdu wupwywpwp pnpbnuyut
Ywnmigywdph, ndqun Yunwjwpbih punwnpnuygjut, wugwwnynn quabph Juqdh b
wjjuh htwn: Wn vwhdwuwhwynwitbpp wwpdwuwynpwd 6o LUU  wpngGuubph
Yhubwhyuyh b dbfuwthqdh, npwug dhgl Ywwh ng pwdwpup hdwgnuyzjudp:
Ubtuwuhgqdh U Yhubwhwh Jbpwpbnu) dbdwehy wduiutph  wnlwniyeniup
huwpwynpniginit  Yunw  owwhdwjwguby upupbgh  wwydwuubpp, Ywufuwwnbub)
wipdwi pupwgpp b wpwgnpiniup’ pbiptind wpngbuh Yunwdwpdwup, huswbu twb
huwpwynp Yhuh Ywnwdwnb unwgynn unyebph Yunnigywdpp, npwlp, wuswinynn
qwqbnph Yuadp U pwtwyp:

Uptuwwnwuph  twwwwlyu £ nwndbwupplp punpuwd  hwdwlwpgbpnud LUU
wpngbutbph dbluwuhgdu nu Yhubiinpywu, pwgwhwnt) dbtuwuhgdh b Yhubnhlwih
dhole Ywwp, npwtg wanbgnuayniup wpgwuhph dhypnlwnnigyuwsph, punwnpniejw,
hwwnynienwiubph Jpw wjuyhup hwdwlwpgbpnd, npnup pbpnd Gu - opuhnubph,
hwdwanywdputiph W pwpn. thinphnw)htu dhwgnigjwt wnwowgdwu:

Ppwywuwgywsd hGwnwgnwnyeniuubphg  uwnwgylp Gu hbGnlbyw;  hpduwlwu
wpryniupubinp’

e LUU-ypngbiuh hhduwlwu Yunwywpnn wwpwdbnpbpt Gu Junbhph wnbuwyp

L Jwnbihp - opuhnhs hwpwpbpwlgnyeniup, npnup nipnuyhnpbt wgnnd Bu

wjpdwt  obpdwuwnhtwuh, uwnwgynn Uniebph  phdphwlhut  pwnwnpnipwu b

dhlypnluwnnigyuidph Ynuw:
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o Lhvnwgnunws LUU hwdwlwpgbpnud npnadbp i wypngbuh  wlnhjwgdwu
Fubpghwih  Epbywhy wpdbipubipp, npnup punipwgpnd Gu Gluunyetph  (Ywd
dhowulyjw) Yndwbpu dhwgniejniuutiph) pwjpwjnuip:

e LUU-ypngbiuh wnwybjugnyu sbpdwuwmpbwup wwydwuwynpdwsd £ Guwghu
Upunpwinubph  pwjpwinuihg wnwowgwd wgnnh opuhnubiph (N,0, NO, NO,) L
Jwnbhph pwjpwpdwt wpryniupnid wnwowgwsd Ybpwlwuquhs qugbiph (N2Hs b
CHa) thnfuwgnbigniejwu skpdEdtlnny:

e 3Snyg & wipdby, np LUU hwdwluwpgbpnd Junbipph (Yopwlywugunn qugbph’
CHs, NaHs) pwuwlyh thnihnfunigjudp Yupbh £ Jupqudnpbp uywwnwluwiht
wpquuppubph  pwnwnpnniup’ unwtwing  huswbu  dawnwnubph  opuhnubp,
wjuwbiu £ dGwnwnubp b/Juwd hwdwénywdplbin:

e LUU Gnwuwyny unwgywsd uhybh b Ynpwpnh twunthnphbpp gnigwpbipnud Gu
pwndp Gnwlwpdwu niuwynyeynit gwdp shpdwuwmpéwuubpnd (<1273 4): Tphwug
Yuptwwnl obpdwiht dowldwdp unwgyb) Gu 90%-hg pwpdp hwpwpbpuljwu
funnipjwdp Yndwwln tdnpubp:

¢ Ujndwu wpgwuhpubiph wpwg uwntgnwip huwpwynpnigyniu b wnyb] ywhwwb
pwpdpobipdwunpbwuwihtu,  Jbnwluwniu y-Co  $wgp'  opowlgbing npw
thnfuwpynuwip gwdn obipdwuinhbwunwd phpdnnhuwdhynptu Yuyniu e-Co-h:

e Uhiyblh L wnudh uUhwpwwntbp - nipnpnwyht hwdwupgnd  Jbpohthu
pwjpwjdwl  wpryntipnud  wnwowgwd  wgnu  wwpniuwlynn - dhowljw
wpqwuhpubph b wypdwtu  wjhpnd  wnwowgwd  NiCu  hwdwdényywdph
thntuwgnbignipjuu wpnyntupnid uhtuebqub) E NisCuN pwpn uhunphnwiht $wqn:

AMWUPXAHAH HAPUHE TPAYUKOBHA

NCCNEL,OBAHUE KUHETUKU U MEXAHU3MA MNMPOLLECCOB CUHTE3A
FTOPEHUEM PACTBOPOB B CUCTEMAX HUTPAT METAJIIA - OPTAHUYECKNH
BOCCTAHOBUTEJIb

PE3IOME

CuHtes  ropeHuem  pactBopoB  (CIP)  npepcraBnaer  coboit  ObIcTpblid,
3HeproapeKTUBHbIN 11 MHHOBALVOHHBIA METOJ MOMYYEHWA HaHOCTPYKTYpPUPOBAHHbIX
MaTepUaIOB Ha OCHOBE 3K30TEPMUYECKOTO B3aUMOAENCTBUA coneli MeTanios — rnaBHbIM
obpasom HUTPATOB - C OPraHUYECKUMM BOCCTAHOBUTENAMM (TOmMAMBaMmM). DTOT MOAXOQ,
NO3BONAET NOMy4aTb OKCUAbI, METAIbI, & B PALE CNy4Yaes Takme HUTPUAbI, cynbcuipl u
cochuppl. Marepuanbl, cuHTesuposaHHble meTtogom CIP, wwupoko npumMeHatoTca B
KaTanmse (OKUCNEHUe ra3oB, pasnomeHue BoAbl, Aerpajalna opraHuyYeckux CoOeaMHeHWiA),
a Takke B obnacTu HakonneHua u npeobpa3osaHWA 3Hepruu - B HaTapesax, CeHcopax,
CBEPXMNPOBOAHNKAX W [p.

HecmoTpsa Ha odesuaHble npeumyliectsa, metos CIP vmeeT pap orpaHuueHWit, Takux
Kak HEOLHOPOGHOCTb CTPYKTYpbl, HELOCTAaTOMHAA KPUCTAMINYHOCTL W TPYAHOCTH
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yrnpaBneHns coCTaBOM MPOAYKTOB W NPUPOAOI BbIAENAIOLMNXCA ra30B. ITUM HeLOCTaTKM B
OCHOBHOM CBfi3aHbl C 4Ype3Bbl4aliHO BbICOKOM CKOPOCTbIO MPOTEKaHWs peakuuin 1
OorpaHMYeHHbIM NMOHMMaHNEM UX KUHETUKN W MeXaHWU3MOB.

MoaTtoMy wuccnegoBaHME KMHETUMKM UM MexaHu3ma npoueccoB CIP  vMmeeT BaxHoe
Hay4yHOe W npakTuyeckoe 3HayeHue. Bonee rnybokve 3HaHWA MO3BONAT OMNTUMU3MPOBATb
YCNOBUS CUHTE3a, MPOrHO3MPOBaTb W KOHTPONMPOBATb TEYEHME TFOpeHus, a Takke
perynupoBatb CTPYKTYpYy M KayecTBO Mofy4vaemblX mMatepuanoB. 3TO CO34aCT OCHOBY A5
NpeosoNeHns CyLLecTBYIOLWMNX OrpaHUYeHnin U pacliMpuT BO3MOXXHOCTU  NPUMEHEHUS
MeTtoga CIP B pas/iMyHbIX TEXHONOTMYECKNX 06M1acTsX.

Llens pabotbl — wuccnefoBaTb MexaHu3m npoueccoB CIP B BbiGpaHHbIX cucTeMax, KX
KWHETUKY, B3aMMOCBA3b MeXaHu3Ma U KMHETUKM, a TakkKe WX BAUSAHWE Ha MUKPOCTPYKTYPY,
coCcTaB WM CBOMCTBA MPOAYKTa B TaKMX CUCTEMax, KOTOpble NpMBOAAT K 06pa3oBaHuio
OKCW[0B, CMaBOB W CMOXHbIX HATPUAHbIX COeAVHEHUIA.

OCHOBHble pe3y/bTaTbl MPOBEAEHHbIX UCCNeA0BaHWIA:

e YCTaHOB/IEHO, 4TO OCHOBHbIMW YNpaBfslOWMMM NapameTpamn npouecca CIP

ABNAKOTCA TWUN TOMAMBA W COOTHOLUEHME TOM/IMBO-OKUCINTENb, KOTOPble Hanpsamyto

B/IMSAIOT Ha TeMnepaTtypy ropeHus, XMMUYECKUA coCTaB M MUKPOCTPYKTYPY MONyYaeMbIxX

Marepuanos.

e B wuccnefoBaHHbIX cuctemax CIP onpefeneHbl 3a(eKTUBHbIE 3HAYEHUS SHEPTUU

aKTMBaUuMy MpoLecca, XapakTepusylolimMe pasfoXeHWe WCXOAHbIX Belwects (Mm

NPOMEXYTOUHbIX KOMMMIEKCHbIX COEAUHEHWNIA).

e MakcumanbHaa Temnepatypa CIP-npouecca o06ycnoBfneHa TeMnoBbIM 3PGHeKToOM

B3aumogenctemnsa okcmaoB asota (NeO, NO, NO02), obpasylolmnxca Mpu pasnoXxeHUn

MNCXOAHbIX HUTPATOB, C BOCCTAHOBUTENbHbIMU razamu (N2144 n CHI), BO3HMKalOWMUMK B

pesynbTate pas/fioXeHus TOMAmBa.

e YCTaHOB/IEHO, YTO M3MEHeHVWEM KOnu4yecTBa TOMAMBa (BOCCTaHOBUTE/IbHbIX [a30B

CHT, N2144) B cuctemax CI'P MOXHO perynnpoBaTb COCTaB LiefIeBbIX NPOAYKTOB, MO/y4as

Kak oKCuabl METanNoB, Tak U MeTanbl W/um cnnasbl.

e HaHOMopowkn HUkKenss n koGanbTa, MonyyeHHble MeTogom CIP, npossnsoT

BbICOKYKD CMOCOOHOCTb K CMekaHuio nNpuv  HU3KUX Temnepartypax (<1273 K).

KpaTkoBpemMeHHOW TepMOO6paboTKOM U3 HUX OblM MOMAyYeHbl KOMMakKTHble 06pasubl C

OTHOCUTENbHON MNOTHOCTLIO Bbilwe 90%.

e bbicTpoe OX/1KAEHNENPOAYKTOB cropaHus no3BONMNO COXpPaHUTb

BbICOKOTEMMEpPATYpHY0 MeTacTabunbHyto y-Co hasy, obnagatowyro 60nee BbICOKMMMN

MarHUTHbIMW M MEXaHWYeCcKMMM  CBOWCTBaMW, MUHYys €& npeBpalleHne B

TepMOAnHaMn4eckn yctoiumsyto c-Co a3y npu HU3KMX Temnepatypax.

e B cucteme HUTPATOB HUKENA M MeAW - YPOTPOMMHA B pe3ynbTare B3avMOAENCTBUA

asoTcogepXalinx — NPOMEXYTOUHbIX  MPOAYKTOB Pas3fioKeHUs  MOCNefHEro c

o6pas3oBaBLUMMCA B M/IaMEHU CniaBoM MCK CMHTE3MpOBaHa CroXHas HUTpuaHaa hasa

M3Cubl, npepcTaBnstowas coboi NepcrneKkTUBHbIA aHTUMEePOKCUTHBIA MaTtepuan Ans

KaTaMTU4eCKNX N MarHUTHbIX NPUMEHEHWUIA.
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