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MODELING OF STRUCTURE FORMATION PROCESS IN INTERMETALLIC NiAl
ALLOYS DURING THERMOCHEMICAL PRESSING

Mathematical model aimed at obtaining NiAl alloys with a given structure and properties is
proposed and implemented, based on the use of data on the features of the physical modeling of the
thermochemical pressing process. For a mathematical description of the process of extrusion of a
high-temperature synthesis product, it is necessary to determine a system of equations that takes into
account the distribution of the thermo-kinetic and rheological properties of the synthesis product in a
mold and caliber. High-temperature synthesis of intermetallic compound NiAl in a powder mixture of
pure elements in the conditions of thermochemical pressing allows to obtain an intermetallic alloy
with an average grain size of ~ 40—50 microns.
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Mamemamuuna modens, cnpsamosana Ha odepocanns cnuasie Nidl i3 3a0anor cmpykmypoio
ma 61aCMUBOCMAMY, NPONOHYEMbCA MA PeanizyeEmvbCs HaA OCHOBI BUKOPUCTHAHHA OAHUX NPO 0COOIU-
6ocmi Pi3uUUHO20 MOOETO8ANHS NPOYECy MEPMOXIMIYHO20 NPeCcy8anHs. [lisl MameMamuyHo2o Onucy
npoyecy ekcmpysii 6UCOKOMeMNepamypHo2o npoOyKmy CUHme3y HeoOXiOHO GUSHAUUMU CUCEMY Dig-
HAHb, KA 8PAX0BYE PO3NOOLT MEPMOKIHEMUUHUX A PeONIOIYHUX 61aCMUBOCHell NPOOYKMY CUHME3y
v opmi ma kaniopi. Bucoxomemnepamypuuii cunmes inmepmemaniynoi cnoayku NiAl ¢ nopowkosiii
CYMIWT YUCTNUX e/IeMEHMIB 8 YMOBAX MEPMOXIMIYHO20 NPeCy8aHHs 00380IAE OMPUMAMU IHMepMema-
JYHULL CNIA8 i3 CEPEOHIM PO3MIpOM 3epHa ~ 40—50 mxrm.

Knrouoei cnosa: mamemamuyna mMooenb, mepmMoxXiMiuHe npecyeants,; IHmepmMemanioni cnia-
8U, CMPYKMYpa, po3mip 3epHa.

Problem’s Formulation

The process of phase and structure forming at Ni-Al alloys retrieving from intermetallic com-
pounds is considered. It is established that the main characteristics of intermetallic alloys greatly de-
pend on phase structure [1].

At full leaching of nickel aluminides the fcc-nickel is formed with period of lattice typical for
massive nickel. The activity of received catalyst is changed with slope opposition to nickel concentra-
tion in Ni-Al compounds. It is established, the leaching product NiAl; is 3—15 times more active then
Ni,Al; alloys and surface area of NiAl; is twice more active then Ni,Al; one. Activation energy: Nidl;
(E, = 63 kJ/mol), Ni,Al; (E, =75 kl/mol), Nidl (E, = 92 kJ/mol) and Ni;Al (E, = 126 kJ/mol) [2—4].

It provides the best combination of high-temperature properties — strength, creep resistance,
with room ones - plasticity and fracture toughness. Apparently, plastic deformation can be effective
not only for the production of fine-grained semi-finished products but also for controlling the parame-
ters of the plate structure in NiAl alloys. In particular, it can be used for obtaining plate-like micro-
structures with a small colony size and nanocrystalline interplanar spacing, which are of great interest
[4].

Analysis of recent research and publications

On the basis of the results of the above papers [5—14] and the earlier self-study results of the
thermochemical pressing process [5, 8, 14], an attempt was made to determine the basic patterns of
deformation and structure formation, to determine the ways and methods of controlling the processes
of forming the structure and properties of compressed articles under conditions self-propagating high-
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temperature synthesis (SHS). In order to solve the problem, the method of mathematical modeling is
used, in the implementation of which can be conditionally distinguished the following main stages: the
idealization of internal properties of the given process (object) and external influences (construction of
the physical model); mathematical formulation of the behavior of a physical model (construction of a
mathematical model); choice of method for studying a mathematical model and conducting this re-
search; analysis of the obtained mathematical result.

In the mathematical description of thermochemical pressing it is necessary to take into account
the thermokinetic characteristics of the process, the velocity of the reactant and its macroscopic densi-
ty. Therefore, in addition to the kinetic equations for the formation of the intermetallic structure, the
activation energy and chemical transformation, it is necessary to use the rheological equations used in
describing the rhodinamic models, which allows us to carry out numerical calculations of the kinetic
dependences of the basic parameters of the process of compressing the product of high-temperature
synthesis — the temperature of synthesis, the completeness of chemical transformation, macroscopic
the density of the product of synthesis, the level of elastic stresses in the product, the velocity of its
melting point stycheskoy deformation and grain size finite product.

Formulation of the research objective

The purpose of this work is to investigate the structure formation in intermetallic Ni-Al alloys
by using a complex plastic deformation technology under non-stationary temperature conditions. Also
in given work, the using of mathematical model, the interrelation of the structured quantities with de-
formation characteristics is considered. It allows to obtain materials with increased plasticity by an
optimal combination of mechanical properties over a wide range of temperatures.

Statement of the main material

The starting material for SHS synthesis of the intermetallic compound NiAl is a powder mix-
ture of nickel with aluminum, placed in the form of a molding in a closed mold. The powder compac-
tor is warmed up to a given temperature and ignites in the mode of thermal explosion when the exter-
nal pressure is applied, under the action of which the compression deforms. The plastic deformation
ceases when the synthesis product is cooled to a temperature Tk, at which it loses ductility.

For a mathematical description of the process of extrusion of a high-temperature synthesis
product, it is necessary to determine a system of equations that takes into account the distribution of
the thermo-kinetic and rheological properties of the synthesis product in a mold and caliber. Assuming
that the extrusion occurs in conditions of one-sided compression of the synthesis product in the ab-
sence of friction on the walls of the mold, we can write the initial equations:

1. Equation of continuity [10]:
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2. Equation of motion [10]:
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where p — relative density, p, — density of the condensed phase, 1 — time, ¥ — viscous flow ve-

locity, o,,, 04y, 0,,— radial, tangential and axial stresses, u, & — shear and bulk viscosity.
It is assumed that the distribution of relative density in the initial powder mixture is uniform:
P(Z > 0) =Po-
In the case where the density of the product SHS differs from the density of the original
powder mixture
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where p, — initial density of the mixture:
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where p,, — aluminum density; p,, — nickel density; p, — the density of the reaction product;

a — depth of chemical transformation of the intermetallic compound during the synthesis; ¢, — rel-

ative mass concentration of titanium in the initial binary powder mixture.
The depth of chemical transformation is defined as

% flak, p( RETj, 5)

where f(a) — kinetic law; k, — pre-exponential factor; £ — activation energy of a chemical reac-

tion.

To determine the conversion depth («), the Johnson-Mel-Avrami-Kolmogorov model was
used to estimate the kinetics of the formation of new phases and structural components. This model
assumes that the appearance of a new phase occurs uniformly throughout the volume, the rate of ap-
pearance of a new phase does not depend on its already available quantity [6, 7]. The equation is writ-
ten in the form:

alt)=1- exp(— Kt" ),
where K — is determined by the rate of growth of the phase in the volume and depends on the temper-
ature and properties of the particular substance, n — parameter determined by the growth pattern of
crystallites.

Different values of n correspond to different conditions for the formation and growth of em-
bryos. If the cores are pre-formed and, therefore, they are all present from the very beginning, the
transformation occurs only because of the 3-dimensional growth of the nuclei, then # is 3.

The parameter of crystallite growth rate K can be represented in the form:

K(T)~ exp(- E, / RT),
since the crystallization process is thermally activated.
3. Equation of thermal conductivity [11]:
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where 7, — the material temperature in the matrix (i =1) and in the caliber (i=2); A(p) — depen-

i

dence on the density of the heat conductivity of the material; y, — effective heat transfer coefficient,
r, — radius of the cross section of the matrix and the caliber; ¢, = (1-a)c, + ac,,,, — heat capacity
of the condensed phase; ¢, =c,,c, + ¢, (1—c,) — heat capacity of the initial mixture; Q — thermal

effect of intermetallide formation reaction Ni-Al; 7)) — initial temperature.

The following assumptions were made to describe the process of compression of an interme-
tallic synthesis product in the mode of thermal explosion:

— the heating and cooling of the reacting powder system in the working space of the mold
proceeds without a temperature gradient;

— the synthesis product is deformed in a homogeneous-stressed state;

— the heat sink from the mold can be neglected;

— the voltage at the upper boundary of the original powder compression in absolute value is
equal to the compression force.

Thus, using the equation (1) and the relation (2), (3), the change in the density of the reactive
in the mold of the powder system can be written as [10]:



Pozain 2. MoearoBadHs Ta ONTHMI3allis B TEXHOJIOT KOHCTPYKIIHHUX MaTepiaiB 35

olopr) __poN o
ot 43 u+é&

where N — the value of the applied pressure.

A equation of the thermal balance of a synthesis product, taking into account a number of
assumptions, can take this form [11]:
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where S — total area of the inner surface of the mold, ¥ — volume of molds.

The equations (7) and (8) allow us to quantify the parameters of the process of thermochemi-
cal pressing of the intermetallic compound synthesized under pressure. The process of forming a struc-
ture in a synthesized product under pressure is considered in the assumption that the initial grain size

corresponds to the size of the initial particles of the refractory component (nickel), i.e. D, =D,,
(D, — the diameter of the nickel particle).
The kinetics of grain growth as a result of the recrystallization of the synthesized intermetallic
product is estimated from the equation [11]:
b _K(1) o)
a D"’
where D — the initial size (diameter) of the grain; K =k, exp(- E,/RT) — depends on the constant
temperature; k, — pre-exponential factor; £, — energy of activation of grain growth; » — degree
of magnitude close to 1.

The amount of deformation of the synthesized product during extrusion is determined from the
equation:
Flz — F22
g=——7". (10)

n

Dependence of the grain size of the synthesized product on the degree of its deformation dur-
ing extrusion is described by the empirical relations [11]:

> (11

where &,,— the degree of deformation at which the formation of the nucleation of recrystallization
oceurs (&, ~0,1); 4— coefficient of form of intersection of the initial grain (47/3< 4<6).

A quantitative estimate of the grain size in the intermetallic product of the synthesis after ex-
trusion can be carried out using the heat balance equation (7) and having carried out the derivative in
time (8) in the derivative in the temperature.

Thus, after carrying out the necessary transformations, for the final grain size of the interme-
tallic product under the SHS- pressing, we can write:

c 7 RT?> E
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From equation (12) it is evident that the final grain size in the thermochemical pressing prod-
uct depends on the size of the grain of the product synthesized in the mold, the degree of deformation
of the synthesized product during extrusion through the caliber, the adiabatic temperature of the syn-
thesis of the extruded product and the speed of its cooling (depending on the temperature of the press
shape, radius of its cross-section and coefficient of heat transfer of the synthesized product with the
walls of the mold).
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Computer simulation of the hot-deformation processes of intermetallic NiAl alloys is made us-
ing the software package Deform. The Deform program is a powerful system for modeling technolo-
gical processes designed to analyze the three-dimensional behavior of the metal under various pressure
processing processes. The program is based on the finite element method, one of the most well-known,
reliable and currently used calculation methods. An automatic grid generator allows you to build an
optimized finite element grid, thickening it in the most critical areas. In addition, the program provides
important information on material flow and temperature distribution during the deformation process,
which allows modeling a complete list of pressure processing processes and solving deformation and
heat transfer problems. In solving the thermal deformation problem of compressing NiAl alloys into
the Deform program, the following output data were integrated: H, = 50 mm, ;=25 mm, > = 15
mm, T, (Nidl) = 1911 K, T, =300 K, py= 0,6, py; = 8907 kg/m’, p,; = 2700 kg/m’, 1z = 0,14, priy =
5870 kg/m’, ¢y = 600 J/kgK, E, (NiAl) = 92,048 kJ/mol, Dy; = 100 pm.

In work [8], based on experimental research’s methods of kinetic interaction in intermetallic
alloys in SHS conditions, it was established that for obtaining NiAl alloy the activation energy was
nearly 79 kJ/mole and pre-exponential coefficient ky = 7.2-10%s™.

In solving the thermoformation problem of compressing NiAl alloys into the Deform program,
the following data were integrated:

— the rheological properties of the NiAl alloys ¢ = f (¢, u, T), obtained experimentally on the
Gleeble-3800 complex [6], which makes it possible to carry out numerical calculations of the kinetic
dependences of the basic parameters of the process of compression of the product of high-temperature
synthesis — the temperature of the system, the completeness of the chemical transformation, the ma-
croscopic density of the synthesis product, the level of elastic stresses in the product, the speed of its
plastic deformation and the grain size of the final product.

— parameters of the hydraulic press, according to the passport and the layout of the equipment;

— deformation and velocity (degree of deformation, displacement of the punch, etc.);

— temperature and temporal (thermophysical characteristics of the deformable and material of
the technological instrument, coefficients of heat transfer, radiation, duration of pause, etc.).

To simulate the compression of the NiAl alloy, the original finite element grid consisted of
100 elements grouped in a rectangle of 10 elements on one side. The sample in question was a cylind-
er 60 mm in diameter and 90 mm high.

The simulation results of the stress-strain state of NiAl alloys are presented in Fig. 1. The
process of extrusion is characterized by a stress of comprehensive compression, which provides the
material the best in these conditions plastic properties. Under the influence of compressive stresses,
the material flows in the direction of the largest gradient of stresses — from the surface of the punch,
where they have the maximum value, to the caliber of the matrix (Fig. 1), where the normal stresses on
the free surface of the tangent material are zero.

Comprehensive uneven compression provides the material with the highest ductility compared
to other processes of metal treatment, but this feature of the process is manifested in extremely uneven
deformations. In this case, only the compressive voltages acting continuously in the direction of extru-
sion from the maximum values to zero are not always in full volume of the deformed material. The
presence of the difference between the intersections of the container and the caliber of the matrix, the
forces of contact friction and other factors leads to the fact that the particles of the material begin to
move not only in the directions of the greatest deformation, but also in transverse directions. The latter
contributes to the emergence of local (additional) stresses, the magnitude of different, direction and
sign, and the emergence of tensile stresses. This is facilitated by the movement of material particles
along trajectories of different lengths with velocity, change in the process of passage through different
zones. The results of modeling the stress-strain state are shown in Fig. 2.

In the conditions of the synchronization of thermal processes of the SHS and the dynamic
compactation of the synthesis product, it is possible to obtain a compact intermetallic alloy with a
highly dispersed structure, the size of which is much smaller than that of the alloys obtained by the
methods of casting, sintering or shock-wave action on the synthesized product. Grinding of grain of
intermetallic alloy in the process of its synthesis under pressure occurs as a result of plastic deforma-
tion of the product of synthesis and high cooling rates (Fig. 3). High-temperature synthesis of the in-
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termetallic compound NiAl in a powder mixture of pure elements in the conditions of thermochemical
pressing at a thermal explosion at a minimum external pressure on the mixture allows obtaining an
intermetallic synthesis product with an average grain size of ~ 40—50 pm. An increase in the degree
of plastic deformation of the intermetallic product synthesized under pressure in the conditions of the
thermochemical pressing allows to reduce the size of the grain in the final product by an order of mag-
nitude and even to form a sub-microcrystalline granular structure in the intermetallic alloy [14]. The
graphical interpretation of calculated results is shown on Fig.3.
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Fig. 1. Simulation of the process of thermochemical pressing of the intermetallic NiAl alloy in
the program Deform
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Fig. 2. Modeling of pressing processes of NiAl alloys
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Fig. 3. The dependence of grain size of NiAl intermetallide on deformation and temperature
degree

Conclusions
Thus, a mathematical model aimed at obtaining NiAl alloys with a given structure and proper-
ties is proposed and implemented, based on the use of data on the features of the physical modeling of
the thermochemical pressing process. High-temperature synthesis of intermetallic compound NiAl in a
powder mixture of pure elements in the conditions of thermochemical pressing allows to obtain an
intermetallic alloy with an average grain size of ~ 40—50 microns.
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MOJAEJIIOBAHHS MMTPOLECY ®OPMYBAHHSA CTPYKTYPHU B
IHTEPMETAJIIJHUX NiAl CIIVTABAX ITPU TEPMOXIMIYHOMY NNPECYBAHHI
Cepena B.I1., Beaokouns F0.0O., Cepena J1.b.

Pedepar

PosrisinyTo mponec ¢popmyBaHHs ¢asu Ta CTpyKTypu B ciiaBax Ni-Al, orpuMaHux 3 iHTEp-
METaJIIYHHUX CIoNyKaX. BCcTaHOBIIEHO, 10 OCHOBHI XapaKTEPUCTHKH IHTEPMETATIYHHX CILJIaBiB CUIBHO
3anexarh Biag ¢a3oBoi cTpykrypu. [Ipyn moBHOMY BHIIYroBYBaHHI aJIOMIHIZIB HIKEIIO YTBOPIOETHCS
TIK HiKeNb 3 IepioJoM PELIiTKH, XapaKTepHUM AJIsl MAaCUBHOT'O HIKEJ0. AKTHBHICTH OTPHUMAHOIO Ka-
Taxizaropa 3MIHIOETbCA NPU NPOTHWIIKHOMY HAaXWIi KOHLEHTpauii Hikemo B cnomykax Ni-Al. Bcera-
HOBJICHO, TII0 MPOIYKT BITyroByBaHHs NiAl; B 3—15 pa3iB aktuBHImmi, Hix crutaBu NiAls, a muomma
noBepxHi NiAl; BaBiui aktusHima, Hix Ni,Al;. Enepris akrusarii: NiAl; (E, = 63 x/lx/monb), NiAl;
(Ea =75 x/Ixx/momp), NiAl (E, = 92 xJlx/mons) i Ni3Al (E, = 126 k/[>x/mMonb).

Mera naHoi poGOTH - JOCHIOUTH CTPYKTYpOYTBOpPEHHS B iHTepMeraniuHux Ni-Al cruiaBax 3a
JOIIOMOIOI0 CKJIAZIHOT TEXHOMNOril miacTu4Hoi Aedopmarnii B yMOBaxX HECTalllOHAPHUX TEMIIEpaTyp.
Takox B maniii poOOTi, BUKOPHCTOBYIOUH MaTEMAaTUYHy MOJENb, PO3IIIIAETHCS B3aEMO3B'SI30K CTPY-
KTypHHX BEJIMYHUH 13 xapakrepuctukamu nedopmanii. Lle no3Bonse oTpuMyBaTu Marepiaiu 3 MiABU-
LICHOIO TJIACTUYHICTIO IUIIXOM ONTHUMAJIBHOTO MOETHAHHS MEXaHIYHUX BJIACTUBOCTEH Y ILIMPOKOMY
Jiara3oHi TeMITeparTyp.

B ymoBax cunxponizauii termosux nporeciB CBC Ta nuHaMIYHOrO YIIUIbHEHHS! MPOAYKTY
CHHTE3y MOYKHA OTPUMATH KOMIAKTHUN IHTEPMETAIIYHUHN CIUIaB 13 CHIBHO JUCIIEPCHOIO CTPYKTYPOIO,
PO3MIp SKOro 3HaYHO MEHIIMH, HIX Y CIUIaBiB, OTPUMAaHMX METOAU JIUTTS, CHiKaHHA abo ymapHo-
XBHJIbOBOI i1 HA cMHTe30BaHUW NponyKT. [loapiOHeHHs 3epHA IHTEPMETANIYHOro CIUIaBy B IpoLeci
HOro CHHTE3y MiJ THCKOM BiZOyBa€ThCS B Pe3yJbTaTi IUIACTHYHOI e opMaLlii MPOAYKTY CHHTE3Y Ta
BHCOKHUX IIBUAKOCTEH OXOJOMKEHHs. BrucokoTeMiepaTypHuii CHHTE3 iHTepMeTaniqHol cnoimyku NiAl
y HOPOLIKOBIM CyMIIlll YUCTUX EJIEMEHTIB B yMOBAaX TEPMOXIMIUHOIO MPECYBaHHS MPH TEPMIYHOMY



40

Marematiane monemtoBanas Ne 1(42) 2020

BUOYXy NpH MiHIMAJIbHOMY 30BHIIIHBOMY THCKY Ha CYMIIl JIO3BOJIIE OTPHMATH IHTEPMETaJIuHUI
MPOAYKT CHHTE3Y 13 cepemHiM po3MipoM 3epHa ~ 40- 50 mxm. [ligBUIIEHHS CTYIeHs TIACTUYHOI Jie-
¢dopmatii IHTEPMETAIIYHOTO NMPOAYKTY, CHHTE30BAHOTO i TUCKOM B YMOBaX TEPMOXIMIYHOIO mpe-
CYBaHHSI, 103BOJISIE HA MOPSAAOK 3MEHILIUTH PO3MIp 3epHa B KIHIIEBOMY IPOAYKTI 1 HAaBITh chopMyBaTi
CyOMIKpOKpHUCTaJIIYHY 3€PHUCTY CTPYKTYPY B IHTEpMETaIiYHOMY CILJIaBi.
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