90 Maremartnune MopemtoBaHHs Ne 2(47) 2022

DOI: 10.31319/2519-8106.2(47)2022.268399

UDC 544.3:669.71

B. Sereda', Doctor of Technical Sciences, prof., Head of the Department, seredabp@ukr.net
Y. Belokon?, Doctor of Technical Sciences, prof.

I. Kruhliak', Doctor of Technical Sciences,prof., Head of the Department, irina6878@ukr.net
D. Sereda', Candidat of Technical Sciences, assistant professor

D. Kruglyak®, Candidat of Technical Sciences, assistant professor

'Dniprovsky State Technical University, Kamianske

*Zaporizhzhia National University, Zaporizhzhia

KINETICS MODELING IN THERMOCHEMICAL PRESSING OF
POWDER INTERMETHETAL ALLOYS

1t was established that the activation energy for the reaction of the interaction of titanium and
aluminum with the formation of intermetallics is 79 kJ/mol, which is ~ 1.8 times higher than the
activation energy of Ni-Al alloys. It was established that intermetallic compounds in the Ti-Al system
have high values of activation energy, and therefore, show the complexity of the course of the SHS
reaction under normal conditions. To implement the thermal explosion regime, it is necessary to
create the following conditions (6, T,,) in the furnace, under which the value of the Semenov criterion
for this substance will be greater than the critical value Se.,.. To carry out the synthesis reaction with
titanium aluminides, preheating is required. The calculation showed that to reach the synthesis
temperature in the combustion mode in the Ti+Al system, preliminary heating of the system to ~
100 °C (378 K) is sufficient.

Keywords: modeling thermokinetic analysis, intermetallics, thermochemical reaction, ther-
mochemical pressing, activation energy.

Bcmanoeneno, wo Ons  peaxkyii  83aem00ii mumany ma QUOMIHIO 3 YMBOPEHHAM
inmepmemanioie emepeis akmusayii cmanosums 79 xlluc/mons, wo 6 ~ 1,8 pasa suwa 3a eumepeir
axmueayii Ni-Al cnaasie. Bcmanosneno, wo inmepmemaniouni cnonyku ¢ cucmemi Ti-Al maroms 6ucoxi
3HaueHHs eHepeil akmueayii, a siomax, noxazyioms ckiadnicme nepebdicy CBC-peakyii 6 36uuauinux
ymosax. [{na peanizayii pedcumy menioeoz2o eubyxy Heobxiono cmeopumu 6 neui maxi ymosu (0, T,,),
3a axux eeauyuna kpumepito Cemenoga 011 danoi pewogunu Oyoe OibUIO0 34 KPUMUUHE 3HAYEHHS.
Se.,. [na 30ilicnenna peaxyii cunmesy auoOMIHIOGMU MumaHy HeoOXiOHUU nonepeowin nidiepis.
Pospaxynox nokaszas, wo 01 00cAcHeHHs MeMNepamypu CUHMmMe3y 6 PelCumi 2OPIHHA 8 cucmemi
Ti+Al 0ocmammuin nonepeoniu nidiepie cucmemu 0o ~ 100 °C (378 K).

Knrouoei cnoea: moodentosants, mepMOKIHEMUYHUL AHANI3, THMEPMEMAniou, mepmoXiMiuHi
Peaxyis, mepmMoxXimMiune npecy8antsl, eHepaii aKkmusauyi.

Problem’s Formulation

The basis of self-propagating high-temperature synthesis is the use of heat, which is released
during a strong exothermic reaction of the interaction of powder reagents [1]. One of the options for
conducting SHS is heating at a given rate, which ends in a thermal explosion [2]. The main feature of
this method of synthesis is that the initiation of the reaction is not carried out from the surface, but by
heating the entire volume of the reactant. At the same time, depending on the ratio of the determining
parameters, the maximum temperature can occur either in the center of the reaction volume or between
the center and the surface.

Analysis of recent research and publications

The thermodynamic admissibility of the SHS process is a necessary, but not yet sufficient,
condition for its implementation [3, 4]. In real conditions, when the heat losses are not equal to zero,
for the stationary propagation of the combustion wave, it is necessary that the reaction rate and,
therefore, the rate of heat release in the reaction zone, be much higher than the rate of heat transfer to
the environment. In addition, the reaction rate should increase rapidly with increasing temperature (at



Pozntin 2. MonentoBaHHS Ta ONTUMI3allis B TEXHOJIOTI] KOHCTPYKIIHHUX MaTepialliB 91

the initial temperature, no interaction should occur) [5]. It is customary to write the temperature
dependence of the rate of a chemical reaction in the form [6]:

RT?
Uza,,ackexp(— £ } (1)
0 E RT

where E — activation energy of this reaction; y, — a constant that depends on the order of the
reaction (for example: forn=0,y, =2;forn=1, y, =1,1;forn=2,y, =0,73); a — thermal
conductivity;

k — includes a weak, compared to exponential, static dependence on temperature.

Substituting this expression into the formula of Y.B. Zeldovich, for the burning rate in the
approximation of narrow reaction zones we obtain [6]:

,, E
o)~ k1) exf - ] @

This equation can be used to estimate the effective or apparent activation energy of a
combustion reaction. To do this, it is necessary to build an experimental dependence of the formation
of intermetallics on temperature.

The foundations of the theory of thermal explosion were developed by N. N. Semenov, who
considered the equation of the heat balance of the reacting substance under the assumption of the
uniformity of the temperature distribution over its volume. A chemical reaction is considered a zero-
order reaction, when the reaction rate does not depend on the degree of transformation of the
substance, but depends only on the temperature (according to the Arrhenius law). Then the rate of heat
transfer from the chemical reaction in the substance will be determined by the expression [7]:

. _E E
Q. - = QcVkye RT = QcVkyexp (— E)’ 3)
where O — thermal effect of the reaction, J/kg; ¢ — substance density, kg/rn3; V — volume of
substance, m’; kg — pre-exponential factor, 1/s; E — activation energy, J/mol; R — universal gas
constant, which is equal to 8.31 J/(mol-K).
The rate of heat removal from the substance to the environment is determined by Newton's

law:
Qrem = 6S(T — Tam), “4)
where 6 — heat transfer coefficient, W/ (rnz‘K); S — surface area of the substance, m”.

Semenov N. N. showed that in terms of heat, two modes of reaction are possible: stationary
and thermal explosion.

In the stationary mode Q. = Qyem, thermal equilibrium is carried out: as much heat is
released in the substance, as much of it is released into the environment. The temperatures reached in
this mode are low, close to the ambient temperature 7,,. They are derived from the equilibrium
equation:

QcVkoexp (— =) = 65(T = Tam)- (5)

The steady-state mode is established in the case of low ambient temperature 7,, values and
sufficiently strong heat dissipation into the environment.

In the case of high values of the medium temperature and weak heat dissipation, the
equilibrium equation no longer has a solution, since here Q. > Qe at any temperature 7 > T,,. As a
result of the exponential dependence of the rate of heat release on the temperature, self-heating of the
substance occurs with a sharp, progressive self-acceleration, and at the same time very high
temperatures are reached [7, 8].

Semenov N. N. found critical conditions separating the region of stationary regimes from the
region of thermal explosion. They are determined by the critical value of the dimensionless Semenov

criterion [9]:
—QV_E __E
Se = 6S RTZ, exp ( RTam)’ 6)

Secr = -=0.368.




92 Maremartnune MopemtoBaHHs Ne 2(47) 2022

When Se < Se. the process proceeds without an explosion, when Se > Se. a thermal
explosion occurs. Knowing the kinetic and thermophysical properties of the reactant substance (Q, ky,
E, ¢, ¢), its shape and dimensions (V, S), as well as the conditions in which it exists (6, T,,), you can
easily calculate the value of the Semenov criterion Se.

To implement the regime of thermal explosion of a substance, it is necessary to create such
conditions in the furnace (6, 7,,), in which the value of the Semenov criterion for this substance will
be greater than the critical value Se.,. As can be seen from formula (6) for this criterion, its value is
greater, the larger the values of O, ¢, V, ky, T,, and the smaller the values of 6, S. Therefore,
determining the activation energy of intermetallic systems Ni-A/ and Ti-A/ will allow to calculate the
critical conditions and period of induction of these reactions.

Formulation of the study purpose

The purpose of the work is to establish the kinetic regularities of the mechanism of chemical

reactions of the formation of Ni-A/ and Ti-A/ intermetallic alloys and to determine their activation energy.
Presenting main material

To study the processes of interaction of nickel and aluminum in the solid state, the samples
were annealed at temperatures from 300 to 500 °C every 10 °C with different exposure times (~ 5
min). In the Ni-A/ system, a clear latent period is observed, the duration of which decreases with
increasing temperature. After studying the structure of Ni-A/ samples depending on the temperature
and heating time, it was possible to record the moment of appearance of intermetallics of a certain size
(0.5...1.0 mm) at each of the investigated temperatures. The obtained set of empirical values was
approximated by the method of least squares according to the exponential equation [10, 11]. With the
help of the package of applied programs for engineering and mathematical calculations ScilLab, the
calculated values of the activation energy and the pre-exponential index were found, and the equation
is presented in the form of a graph of temperature-time dependence (Fig. 1).
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Fig. 1. Temperature-time dependence of the formation of intermetallics in the Ni-Al system

The computational and analytical dependence of the formation of the first intermetallics in the
Ni-Al system is presented in the form of an equation [12]:

r=10-10"* exp(42R9;7)’ 0
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which makes it possible to determine the rate of formation of the first sections of the intermetallic
phase [12]:

N= 5,76 -10° exp(_f?j' (®)

Therefore, according to experimental results, the activation energy of the formation of the first
intermetallic crystals is approximately 43 kJ/mol.

Conducted studies on heating samples of compounds and subsequent metallographic studies
showed that at each temperature there is a latent period during which intermetallics are not detected in
the contact zone. For the Ti-Al system, it was possible to detect the formation of intermetallics at a
temperature of 510 °C only after 80 minutes of isothermal annealing. The temperature-time
dependence of the appearance of intermetallics in the 7i-4/ system is presented in Fig. 2. The initial
stage of structure formation of titanium aluminides is the melting of aluminum, caused by a thermal
pulse, and its subsequent spreading in the channels of the capillary-porous medium [10, 13]. Further
diffusion of aluminum atoms into the lattice of titanium particles leads to the nucleation of the first
crystals of the 7i4/; intermetallic phase in the diffusion zone.
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Fig. 2. Temperature-time dependence of the formation of intermetallics in the Ti-Al system

Calculation of the temperature-time dependence of the formation of the first intermetallics in
the Ti-Al system allows us to determine the equation [13]:

r=8,0-10"7 exp(@fT%j ’ ©)

which makes it possible to determine the activation energy of the formation of the first intermetallic
crystals in the Ti-Al system ~ 79 kJ/mol.
Accordingly, the rate of formation of the first intermetallics at the interface between titanium

and aluminum is [13]:
N=72.10° exp(—78676j, (10)
RT

Analytical equations of the temperature-time dependences of the formation of intermetallics in
the Ni-Al and Ti-Al systems and their activation energies were obtained on the basis of experimental
methods of studying the kinetics of the interaction of intermetallic alloys under the conditions of SHS.
It was established that for the reaction of the interaction of nickel and aluminum with the formation of
the first intermetallic crystals, the activation energy is 43 kJ/mol, which is ~ 1.8 times lower than the
activation energy of Ti-Al alloys. Intermetallic compounds in the 7i-A/ system have high values of
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activation energy, and therefore show the complexity of the course of the SHS reaction under normal
conditions. To carry out the synthesis reaction in the 7i-A/ system, it is necessary to preheat the system
to a temperature of 400...600 K.

Therefore, two methods of determining the activation energy of the intermetallic formation
reaction are considered: a theoretical calculation method based on the results of thermodynamic
analysis of the course of thermochemical reactions, and an experimental method based on the study of
the kinetics of the formation of intermetallic phases. It was established that the difference between the
values of activation energies obtained by two different methods does not exceed 5 % (Tabl. 1).

Table 1. Comparative analysis of calculations of activation energies obtained by two methods

Activation energy - Method - .
KJ/mol ’ Theoretl.cal Experlmental Relative error, %
analysis studies
NiAl 45,153 42,917 4,95
TiAl 82,263 78,676 4,36

The comparative analysis showed the reliability of the obtained values, which can be used for
further calculations of the physicochemical model of the course of reactions in intermetallic systems
under non-stationary temperature conditions.

For the numerical solution of the thermal problem of the synthesis of titanium and nickel
aluminide under the conditions of SHS, the following initial data were integrated into the thermal
model of Semenov:

— Ni-Al system: Qyiy = 1,2-10° J/kg, ey = 5870kg/m’, V'=30-10"m’, 6 s = 400 Wt/(m*-K),
§=33,4-10"n0’, E iy = 42917 J/mol, ky = 5,76-10° 1/s.

— Ti-Al system: Qriy = 8,1-10° J/kg, criy = 3800 kg/m’, V'=30-10> m’, 6 7,4, = 240 Wt/(m*-K),
§=33,4-10" m’, E .y = 78676 J/mol, ky = 7,2-10° 1/s.

Graphical interpretation of the obtained calculation results is presented in Fig. 3 and Fig. 4.
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Fig. 4. Dependence of Semenov’s calculation criterion on the initial synthesis temperature of
the Ti-Al intermetallic systems

Conclusions

Analysis of the calculation results showed that for the Ni-A/ intermetallic system, the
calculated value of the Semenov criterion is higher than the critical value. This condition is sufficient
for self-propagating high-temperature synthesis to occur in the system under normal conditions.

The temperature analysis of the SHS reactions of the formation of intermetallics based on the
ratio of the calculated Semenov criterion and its critical value showed that the studied reactions can be
divided into two groups. The first group includes systems in which Semenov's calculation criterion is
lower than its critical value (Se < Se.,). First of all, this is the 7i + A/ system, in which the occurrence
of SHS under normal conditions (7 = 298 K) is unlikely. To carry out the synthesis reaction,
preliminary heating is necessary. The calculation showed that to reach the synthesis temperature in the
combustion mode in the 7i + Al system, heating up to ~ 100 °C (378 K) is sufficient. The second
group includes systems for which the Semenov calculation criterion is equal to or exceeds the critical
value (Se > Se.). This group includes the Ni + A/ system, which, as shown by the temperature
calculation of the Semenov criterion, is characterized by interaction in the combustion mode under
normal conditions.
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MOJAEJIIOBAHHSA KIHETUKHW TPU TEPMOXIMIYHOMY NPECYBAHHI
HOPOIIKOBUX IHTEPMETAJII/IHUX CIIJIABIB
Cepena B.I1., Beaokons 10.0., Kpyrask L.B., Cepena I.b., Kpyrask 1.0.

Pedepar
BcranoBineHo, mo s peaknii B3aeMoii THTaHy Ta aJllOMiHIIO 3 YTBOPEHHSM iHTEpMETaTIAIB

eHepris akTuBauii ctaHoBUTb 79 kJDk/Monb, mo B ~ 1,8 pasa Buma 3a eeprito aktuBamii Ni-Al
criaBiB. BcraHOBIIeHO, IO iHTEpMeETaliiHI CIONYKH B cucTeMi Ti-Al MaloTh BHCOKi 3HAUEHHS €Heprii
aKTHBalii, a BiITaK, MOKa3ylOTh ckiIaaHicTh mepediry CBC-peaknii B 3BMuUaiiHMX ymoBax. s
peanizalii pexuMy TEMIOBOro BHOyXy HEOOXIZHO CTBOpUTH B meui Taki ymoBu (0, Tgp), 3a skux
Benn4yrHa KpuTepito CeMeHoBa I JaHOI pe4oBUHH Oyae OUIBIIONI0 3a KpUTHYHE 3HAUCHHS Sey,. s
3OIMCHEHHs peakiii CHHTe3y alIOMiHiIaMH THTaHy HeoOXimHWH monepenHiil minmirpiB. PospaxyHok
MOKa3aB, LI0 JJIsl TOCATHEHHS TeMIIepaTypu CHHTE3y B pekuMi ropinasg B cuctemi TitAl mocrathiit
nornepeaHii minirpis cucremu g0 ~ 100 °C (378 K).
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