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On the basis of the proposed thermokinetic model, the thermal behavior of the reaction system of
nickel with aluminum during sintering has been studied. A computer experiment has been used to study the
influence of the temperature of the external environment, as well as the temperature of initiation on the
nature of the ongoing processes. It has been established that the optimal for reaction sintering is to ensure
the proximity in terms of the initiation temperature and the external environment.

Key words: reaction sintering, nickel, aluminum, thermokinetic model, initiation temperature,
radiation

Ha ocnosi 3anpononosanoi mepmoxinemuynoi mooeni 6U84eHo Meniosy NOBeOIHKY pearyiuHol
cucmemuy HiKemo 3 AuOMIHIEM Ni0 4ac CRiKauHA. 13 BUKOPUCMAHHAM KOMN'TIOMEPHO20 eKCnepumMeHmy
00CHIONHCEHO BNAUE MEMNEPAMYD 308HIUHbO20 CepedosUUd, MEeMNEPANYPHO2O [HIYIIOBAHHA HA Xapaxkmep
npoyecie, wo npomixaromv y cucmemi. Bemanosneno, wo onmumanvhum 01a peaxyitinoi cnikawus €
3abe3neyeHHs OAULKOCMI 30 8eTUNUHOK MeMNepamyp iHIYI08AHHA Ma 308HIUHBO20 cepedosULd.

Kniouosi cnosa: peaxyiiine cnikanus, HiKelb, QulIOMIHIU, MEPMOKIHeMUYHa Modenb, iHiyiayis
memnepamypa iHiyit08aHHA, BUNPOMIHEHHS

Ha ocnoge npeonooicennou mepmMoKUHEmMU4ecKol MOOenU U3V4eHO Menno8oe nosedeHue
PEaKyuoHHOU Ccucmembl HUKeNd C auioMunueM npu cnekavuu. KomnblomephvimM 3KCHEpUMEHMOM
UCCe008aHO  GIUAHUE MEMNEpamypsbl GHewHel cpedvl, MeMNnepamypsvl UHUYUUPOBAHUS HA Xapaxmep
NPOMeKAIoOWUX HPOYeccos. YcmanoneHo, 4mo ONMUMATLHLIM OJi PEeAKyUOHHO20 CNEKAHUsl A6NAemcs
obecneyenue 6IU30CMU NO GelUYUHE MEeMNePAMyp UHUYUUPOBAHUS U HewlHell Cpedbl

Kniouesvie cnosa: peaxyuonnoe cnexanue, HuKeib, QIOMUHUL, MEPMOKUHEMUUECKAS MOOEIb,
memnepamypa UHUYUUPOBAHUS, U3TYYeHUe

INTRODUCTION

The most important thing in creating a new generation of heat-resistant powder
materials is to ensure high plastic properties of alloys (both technological and mechanical).
This is especially true for the production of dispersion-hardened materials, when liquid-
phase methods cannot be used in the technology of their production.

Fedorchenko and Pugina [1], as well as Kostetskiy B. et al. [2] hypothesized the
emergence of the so-called "third body". In accordance with this hypothesis, an intermediate
layer appears between the rubbing surfaces of solids with physicochemical and mechanical
properties that differ from the bulk of the contacting materials. This assumption has been
experimentally confirmed by a large number of studies carried out mainly in the study of the
mechanisms of friction and wear of materials. However, in his early works on iron sintering,
authors [1] also had in mind solid-phase sintering, in which a special state arises in the
intercrystalline space, leading to a loss of plasticity and other physical and mechanical
properties of the material.

The use of reaction sintering in the preparation of dispersion-hardened nickel alloys
allowed the authors of this work to obtain materials with a high level of technological
plasticity, impact toughness, and fatigue strength [3]. Such properties are evidently
associated the peculiarities of the process, in particular, the high rate of the reaction
interaction of nickel with aluminum, which was experimentally established in the study of
the thermokinetics of the processes [4]. In this case, sintering occurs at the same rate and the
reaction crystallization of the intermetallic compound, which prevents the coagulation of
dispersed particles of an inert hardener (for example, yttrium oxide or other compounds).

Scientific interest in the processes of synthesis and sintering of compositions with the
participation of exothermic reactions is caused in connection with the practical problems of
using a large amount of free energy for the consolidation of materials, and also has an
important fundamental aspect in connection with the study of collective processes that
determine the evolution of nonequilibrium physicochemical systems and form the structure
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and properties of composite materials [5]. As a rule, the released heat of an irreversible
reaction process significantly exceeds the accumulated free surface energy of the powder
system. However, the released chemical energy, in contrast to the free energy of a powder
body, does not lead to consolidation of the system, but to an increase in porosity, and
sometimes to destruction. This behavior is due to the high rate of synthesis reactions in
which, along with the high rate of release of thermal energy, reaction crystallization of
compounds is observed, which apparently leads to an increase in pressure in the reaction
liquid and accelerated formation of large pores and cavities from small pores formed during
unipolar dissolving a eutectic or peritectic liquid of one of the refractory components.

It was experimentally established earlier [6] that the volumetric changes in the billets
of composite materials during reaction sintering depend on the thermokinetic trajectory of
the process. In the absence of an explosive change in the temperature of the sample or in the
case of the oscillatory behavior of the reaction system, sintering and shrinkage of the
composition is observed. Previously, the thermal behavior of the system was investigated
depending on some kinetic parameters [7], the values of which determine the required
behavior of the system. Equally important and is of not only theoretical but also practical
interest for determining such conditions is external temperature at which the reaction system
is located as well as the temperature of the initiation of the process.

RESEARCH METHODS

For the first time, in contrast to the formal phenomenological approach developed in
the works of A. Merzhanov [8], a physicochemical thermokinetic model of synthesis was
proposed [9], based on the synergistic principle of description, where the reaction liquid is
considered as a flow reactor. The most significant results of the development of this model
were obtained in [10, 11]. In these works, the thermokinetics of the synthesis of compounds
was directly modeled. The mathematical description of the processes observed in such
systems is presented by a thermokinetic model of the synthesis of a compound with a
hidden maximum. As the result was the establishment of the multivariance of the evolution
of irreversible processes in the synthesis of specific compounds and the establishment of
safe modes of its implementation in a variety of control parameters and external conditions.
In reaction sintering, despite the general approach to the construction of the model, it is
necessary to take into account the final result and consider the equilibrium state as an
attractor to which the reaction powder system tends. However, it is necessary to establish
the conditions and parameters under which the system selects the required thermokinetic
trajectory that provides the required macroscopic behavior, for example, shrinkage or
dispersion of the structure of the reaction billet.

In this context, the system is considered as a flow-through reactor of ideal mixing. In
this case, we consider the region where, in addition to the synthesis of the intermetallic
compound, which is observed above the melting point of aluminum and its decomposition
occurs at temperatures in a given concentration region.

Thus, the mathematical model can be represented by the system:
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where X, Y are concentrations of soluble refractory components in the melt; ki is
dissolution rate constant, k> is intermetallic compound formation reaction rate constant
NiAl; 43 1s melt crystallization rate constant; k4 is intermetallic decomposition rate constant;
T is current temperature of the Ni-Al system; 7, is temperature of the external environment,
C 1s system heat capacity; 41 is heat of dissolution of nickel in aluminum; / is specific
crystallization constant; ¢ is the degree of blackness (note, that in this study ¢=1/ that of a
completely black body); o is the Stefan-Boltzmann constant; H; is heat of formation of
NiAl intermetallic compound; H> is heat of complex decomposition of NiAl intermetallic
with the formation of Ni3Al and Ni according to the state diagram.

The first and second equations of the system (1) represent the material balance, and
the third equation represents the heat balance. It is assumed that heat transfer between the
system and the environment occurs according to the Newtonian mechanism, as well as
radiation. The first and fourth terms of the equations describe the processes of the entry of
the refractory component into the system by means of its dissolution and decomposition of
the intermetallic compound, respectively, and the second and third withdrawal thereof due
to the reaction of synthesis and crystallization. The second term is associated with the
escape of components due to a chemical reaction, and the third is due to the crystallization
of the refractory nickel component.

RESULTS AND DISCUSSION

The thermokinetics of the sintering process was studied at the following identical
values of the following parameters: k1 = 1; k> = 1; k3 = 1000; k4= 0,01.

The solution of the mathematical model was carried out by the Euler method using a
program developed in the Visual Basic 6.0 environment.

It is possible to exclude the influence of the thermal radiation factor from the
calculations at any possible values of the parameters in the software, while obtaining a new
theoretical curve of the temperature change as a function of time (in the time interval from 0
to 100 seconds). It is noted that the indicated time interval is quite sufficient for studying the
thermokinetic trajectory, since the overwhelming majority of the studied reaction processes
proceed much faster and come to a stationary state much earlier than the maximum
specified in the program.
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Figure 1. Sintering thermokinetics of the Ni-Al composition at 7. = 1250 °C, 7o = 660 °C:
a), b) taking into account radiation; c), d) excluding radiation

Presented work evaluated the influence of two technological factors, namely the
ambient temperature, i.e., heating device (furnace), and the temperature of initiation of the
reaction of interaction of nickel with aluminum, at the given values of the control
parameters, the rate constants of the processes.

Upon slow heating to the melting point of aluminum, the initiation temperature
coincides with the melting point. However, in this study, the authors were interested in the
accelerated version of sintering, in which the sintered sample is placed in a heated furnace.
In this case, the initiation temperature depends on random factors and will be in the range of
aluminum melting temperatures and furnace temperatures.

Thermokinetic patterns (Figure 1, Figure 2 and Figure 3) were calculated according
to the data [12]. In the case of initiation of the reaction at the melting temperature of
aluminum (Figure 1), a sharp uncompensated rise in temperature is observed, since the
mechanisms of energy dissipation are not activated. However, when the maximum
temperatures are reached, the processes of decomposition of the intermetallic compound and
heat removal into the external environment are activated. As a result, the temperature
becomes almost constant. At the same time, it is necessary to take into account the behavior
of the system at the stage of temperature rise; in this time domain, stresses arise, the growth
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of cavities, which leads to the appearance of material defects and the loss of its functional
properties.
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Figure 2. Sintering thermokinetics of the Ni-Al composition at 7. = 1250 °C, 7o = 1250 °C:
a), b) taking into account radiation; ¢), d) excluding radiation

Of particular interest is the case when the ambient temperature is equal (or is close)
to the initiation temperature. In this case (Figure 2), the temperature spike is about 50 °C.
Naturally, with such heating temperature gradients, the probability of the formation of
macrodefects in the material structure is minimal. Therefore, when sintering the reaction
compositions, it is necessary to ensure the heating of the material billets to the ambient
temperature in a time less than the latency period.

As can be seen from Figures 2 and 3, the rate of temperature rise depends on the
temperature difference between the external environment and the initiation temperature.
Thus, the most favorable sintering mode is the closeness of the ambient temperature to the
initiation temperature.

CONCLUSIONS

The thermokinetic behavior of the system was calculated on the basis of a model
describing the processes of reaction sintering. The optimum temperatures for the initiation
of the reaction of the interaction of aluminum with nickel and the thermal state of the
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external environment have been determined. In this case, the temperature of the external
environment in the case of energy transfer by radiation can be controlled by the process of
reaction sintering. In the prospect of further research is the study of the influence of the
members of the model, related to crystallization of the refractory nickel component, on the
stiffness of the model.
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Figure 3. Sintering thermokinetics at 7. = 1250 °C, To = 1000 °C:
a), b) taking into account radiation; c), d) excluding radiation
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