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3anopi3bKuH HalliOHATBHUI YHIBEPCUTET, 3aOPIIOKS

THE EFFECTS OF GRAIN SIZE ON MECHANICAL PROPERTIES OF Ni-Al
INTERMETALLIC ALLOY

BIIJIMB PO3MIPY 3EPHA HA MEXAHIYHI BJIACTUBOCTI
IHTEPMETAJIIYHOTI'O Ni-Al CIIVIABY

The study demonstrates that employing the synthesis method in combustion mode, followed by
pressure treatment until the product undergoes heating due to a chemical reaction, enables the pro-
duction of an intermetallic NiAl; alloy with relatively high mechanical properties. The grinding of
intermetallic alloy grains during the synthesis under pressure is a result of plastic deformation of the
synthesis product and high cooling rates. Simulation results indicate that high-temperature synthesis
of the Ni-Al intermetallic alloy in a powder mixture of pure elements, under conditions of thermo-
chemical pressing during a thermal explosion with minimal external pressure on the mixture, allows
for obtaining an intermetallic synthesis product with an average grain size ranging from 50 to 60 um.

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

s H08020 NOKONIHHS CYMACHUX KAMANI3amopie HeoOXiOHi mamepianu, AKi NOEOHYIOMb BUCO-
Ky KamanimuyHy aKmueHiCmb 3 HU3LKOIO WIIbHICMIO MA 6UCOKUMU MEXAHIYHUMU 61ACMUBOCTNAMU.
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Benuxuii inmepec euxiuxawoms cniasu Ha oCHO8I antoMinidie nixento Nidls. ¥V pobomi nokaszarno, wo
MEMOOOM CUHINE3Y 8 PEHCUMI 20PIHHA 3 NOOATLULON 0OPOOKOI0 MUCKOM 00 PO3iepimoeo 3a paxyHoK
XiMiuHOT peakyii npodykmy goaemuvcs ompumamu inmepmemanionuti NiAl; cniag 3 006011 8ucoxumu
Mexauiunumu enacmugocmamu. [1oopiouenns 3epua inmepmemaniono2o cniagy 6 npoyeci Uo2o Cum-
me3y nid muckom 6i006y8aemuvcs 6 pe3yibmami niacmu4Hoi deghopmayii npoOyKmy Cunmesy ma 6Uco-
KUX WeUOKocmell 0X0100ceHHs. 3a pe3yivmamamu MoOOen08aHHs. 6CHAHOBIEHO, W0 BUCOKOmMeMNe-
pamypHuil curmes inmepmemanionozo cniagy Ni-Al 6 nopowkosiil cymiui uucmux eiemenmis 8 ymo-
84X MEPMOXIMIUHO20 NPECYBAHHI NPU THENI08OMY GUOYXY NPU MIHIMATLHOMY 306HIUHLOMY MUCKY HA
cymiut, 00360J51€ OMPUMAMU THIMEPMEMANIOHULL NPOOYKM CUHME3Y (3 CepeOHIM PO3MIPOM 3epHa
50...60 mxm. Ilpu KiMuamuit memnepamypi cepeoHe 3HAYEHH MIYHOCMI npu 32uHaHHi dopisrioe 580
Mlla, a npu posmseyeanni eona mpuui Hudxcya (190 Mlla). I panuys miynocmi npu po3msdiCiHHi u-
mozo cmexiomempuunoeo noaikpucmany NiAl; npu 293 K cxnadae 6ausvro 120 Mlla, a miynicmos npu
3euHanHi nopouwikogoeo NiAl;, ompumarnozo memooom eapsuozo npecysanus — 250 MIla. 30invuenns
cmynens niacmu4Hoi degopmayii CUHME308aHO20 N0 MUCKOM THMEPMEMANTiOH020 NPOOYKMY 8 YMO-
84X IHMEHCUBHOT NAACMUYHOL dedhopmayii 003601uMb HA NOPAOOK 3HUSUMU POIMID 3€PHA 8 KIHYE8OMY
npooyKkmi i Hagimv copmysamu 6 IHMepPMemanionoMy CHIAGI CYOMIKPOKPUCMANIYHY 3EPHUCTLY
cmpykmypy. Ilposedeni 0ocuiodxcents noKa3yioms, wo iCHYIOmMb NOMEHYIUHT MONCTUBOCT NIOBULEH-
H5L NIACIMUYHOCIE MA MIYHOCMIE Yb020 MAMEPIAY, HANPUKIAO WISIXOM CHPAMOBAHO20 J1€2Y8AaHMHS.

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

Problem’s Formulation

Intermetallic compounds exhibit special properties when compared to pure metals and solid
solutions. The pressing of intermetallics was initially employed in works [1, 2], which systematically
investigated the impact of temperature on the mechanical properties of certain intermetallics. The au-
thors of work [3] focused on developing the technological process of pressing intermetallics for semi-
conductor technology. All these studies demonstrated that intermetallic-type chemical compounds
exhibit the capability for significant plastic deformations at optimal temperatures and speeds. An ele-
vation in temperature results in the creation of conditions fostering increased plasticity, though it is
essential to consider the concurrent rise in oxidation as the temperature increases.

Analysis of recent research and publications

In the mathematical description of thermochemical pressing, it is essential to consider the
thermokinetic characteristics of the process, the speed of movement of the reactant, and its macroscop-
ic density. Therefore, alongside kinetic equations for the formation of the intermetallic structure, acti-
vation energy, and chemical transformation, rheological equations must be employed. These equa-
tions, used to describe rheodynamic models, enable numerical calculations of the kinetic dependencies
of key parameters in the high-temperature synthesis pressing process, including synthesis temperature,
completeness of chemical transformation, macroscopic density of the synthesis product, level of elas-
tic stress in the product, rate of plastic deformation, and grain size of the final product.

The starting material for synthesizing the Ni4/ intermetallic compound is a powder mixture of
nickel and aluminum placed in the form of a briquette within a closed mold. The powder briquette is
heated to a designated temperature and self-ignites in a thermal explosion mode when external pres-
sure is applied, deforming the briquette. Plastic deformation halts when the synthesis product cools to
temperature Tk, at which point it loses its plasticity.

To understand the formation of the structure of intermetallic Ni-A/ alloys near the calculation
point, it is crucial to consider the schemes of chemical reactions leading to the formation and decom-
position of intermetallic compounds (metal phases). The state diagram of the mixture's components
facilitates determining the corresponding phase of the reaction product based on the current tempera-
ture and the stoichiometry of the composition of the components near the calculation point (by the
relative mass fraction of the components). Activation energy and thermal effects of the reaction for
each phase were experimentally determined. For example, in the Ni-4/ binary system, four intermetal-
lic compounds are formed: NiAl; (s6-phase, E; = 63 kJ/mol), Ni>Al; (e-phase, Ee = 75 kl/mol), NiAl (n-
phase, E, = 92 kJ/mol), and Ni3;A! (e-phase, Ee = 126 kJ/mol). Two phases form solid solutions based
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on Al and Ni — 6-phase and orc-phase, respectively. The state diagram of the Ni—A[ system, as pre-
sented in sources [4, 5], indicates that Ni>A/; and Ni3A/ compounds have relatively narrow regions of
homogeneity, NiAl has a wide one, and the NiAl; phase corresponds to the formal composition. The
formation and decay of phases, considering the thermal effects of the reaction according to the state
diagram, are shown in Tabl. 1.

Table 1. Reaction diffusion in the system

Metallochemical reaction Reaction temperature range

Formation of phases

3Ni + Al — Niz Al +157 KJIK T, <T<T,, T,=1380 °C
Niy Al +2 Al — 3Nidl +195 kJIx Ty <T<Ts, Ty =1638 °C
2Nidl + Al — NiyAly — 64 kJIx T,<T<T,T;=1132°C
Ny Aly + 341 — 2Nidl; +58 xJIx Ty <T<Ty, Ty =854 °C

The structure of the interaction product layer confirms the complexity and ambiguity of the
processes occurring at the interface of the components. Currently, there is no unified theory of diffu-
sion interaction between solid and liquid metals. In [5], an approach is proposed that describes the
growth kinetics of intermetallic phases within the meso-medium and is based on the following simpli-
fying assumptions:

The formation of an intermetallic compound is limited by the diffusion of one component that
moves more slowly.

Local thermodynamic equilibrium is quickly established at the interphase boundaries (the ki-
netics of the process are purely diffusional).

The dependence of diffusion coefficients on concentration is neglected.

The influence of interfacial surface tension and thermoelasticity effects is not taken into account.

Formulation of the study purpose

The objective of this study is to identify the patterns governing the mechanism for producing a

densely compacted intermetallic alloy with a highly dispersed structure.
Presenting main material

Increasing the extent of plastic deformation in the pressure-synthesized intermetallic product,
particularly under conditions of intense plastic deformation, can lead to a tenfold reduction in grain
size in the final product. It may even facilitate the formation of a sub-microcrystalline granular struc-
ture within the intermetallic alloy. To model the influence of plastic deformation on structural-phase
transformations in intermetallic Ni-A/ alloys, the following equation is employed [6]:

cpop R RT? E
D, = \/Df +L)koexp[ J . (1)

2ET,~1,)" | RT

a

It is evident from equation (1) that the ultimate grain size in the pressed product is influenced
by several factors. These include the initial grain size of the product synthesized in the mold (D), the
extent of deformation undergone by the synthesized product during pressing, the adiabatic synthesis
temperature (7,4), and its cooling rate. The cooling rate is contingent on the temperature of the mold
(Ty), the radius of its cross-section (7;), and the heat exchange coefficient between the synthesized
product and the mold walls.

The following initial data were integrated for the calculation: Hy = 50 mm, »; = 25 mm, r,= 15
mm, T,y (Nidl) = 1911 K, Ty = 300 K, ¢p= 0.6, cxi = 8907 kg/m’, ¢, = 2700 kg/m®, m = 0.14, ey =
5870 kg/rn3, cniar = 600 J/kg'K, Eagpiay = 92.048 kJ/mol, Dy; = 100 mm. According to the simulation
results, it has been determined that the high-temperature synthesis of the Ni-A/ intermetallic alloy
(Fig. 1) in a powder mixture of pure elements under the conditions of thermochemical pressing during
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a thermal explosion, with minimal external pressure on the mixture, enables the acquisition of an in-
termetallic synthesis product with an average grain size ranging from 50 to 60 mm.

T,°C
Fig. 1. Graph of the dependence of the final grain size of the Ni-Al intermetallic system on
temperature and the degree of its deformation

The new generation of modern catalysts demands materials that combine high catalytic activi-
ty with low density and superior mechanical properties. Alloys based on nickel aluminides, particular-
ly NiAl;, are of significant interest [7]. Moreover, these alloys offer the advantage of being able to
manufacture semi-finished products and complex-shaped items within a well-established technological
process. The initial components used were pure nickel and aluminum powders with a dispersion rang-
ing from 50 to 100 mm. The batch preparation involved dosing, mixing, filling the mold, pressing, and
heat treatment. The pressing force varied between 2.5 to 5 tons, and initiation of the mixture was
achieved using a tungsten spiral. The material's density, determined by the hydrostatic weighing me-
thod, is 4.71-10° kg/mi, aligning closely with the density of cast nickel aluminide (4.73-10° kg/mi, as
reported in [8]). The grains of Nid/; exhibit an equiaxed shape (Fig. 2), with an average size ranging
from 30 to 40 mm.

8 40pm ! Electron Image 1 f 100um ! Electron Image 1

Fig. 2. The microstructure of nickel aluminide obtained by the method of synthesis in the
combustion mode
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To assess the mechanical properties of the intermetallic, various tests were conducted. Com-
pression tests involved samples in the shape of a rectangular parallelepiped measuring 44448 mm.
Bending tests, utilizing a three-point scheme, used samples with dimensions of 545435 mm. Torsion
tests were performed on samples measuring 141440 mmi. For tensile tests, heads were created on the
samples, with a working part length of 20 mm and a cross-section of 543 mml. All tests (with 5-7
samples for each point) were conducted on a UG-20 universal machine, utilizing special clamps, at
temperatures ranging from 293 to 1273 K and a deformation rate of 107 s [9].

For both bending and stretching at 293 K, the samples were elastically loaded up to failure, and
no plastic deformation was recorded on the load curve. The strength values exhibited a scatter characte-
ristic of brittle materials, with a coefficient of variation of about 5 %. At room temperature, the average
bending strength is 580 MPa, while the tensile strength is three times lower at 190 MPa (Fig. 3). For
comparison, the limit of tensile strength of cast stoichiometric Nidl; polycrystal at 293 K is approx-
imately 120 MPa, and the bending strength of powdered NiA/; obtained by hot pressing is 250 MPa.
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Fig. 3. Temperature dependence of the yield strength (1) and strength (2, 3) of NiAl; interme-
tallic during tests on compression (1), bending (2) and tension (3)

The higher strength of the synthesized material can be attributed to the structure formed during
the manufacturing process, characterized by relatively small equiaxed grains. Casting methods typical-
ly do not yield such a structure. Up to temperatures of 1073 K, the destruction occurs primarily at the
grain boundaries, with minimal plastic deformation of the grains (Fig. 3). At higher temperatures, a
substantial proportion of plastically deformed grains emerges, and this proportion increases with the
temperature of deformation. Nevertheless, the destruction remains predominantly intercrystalline.

In Fig. 4, (@) and (b) depict photographs of the microstructure of the surface of catalyst sam-
ples with different compositions. All samples exhibit a branched structure. A nanostructure, composed
of hexagonal plates with a diameter of about 2 mm and a thickness ranging from 100 to 200 nm, forms
on the surface of samples with manganese content. These plates are mainly oriented perpendicular to
the substrate surface on which they grow, often developing along the edges to form star-like struc-
tures. There are also regions where the plates grow along the edges, creating long columnar structures.

To investigate the material's behavior upon reaching the yield point, torsion tests were con-
ducted in the temperature range from 293 to 573 K. The samples were subjected to prior electrolytic
polishing. In these tests, the sample was twisted to a specified angle using a reverse torsional pendu-
lum setup, then unloaded, and the residual strain (r,s) was determined. The shear modulus value of 66
GPa was employed in stress calculations.

The nature of the dependence of flow stress on residual deformation at room temperature in
the microdeformation region (Fig. 5, @) mirrors that of cast materials, particularly those with the LI12
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superstructure [10, 11]. The stress-strain curves (Fig. 5, b) exhibit no peculiarities compared to cast
materials. The flow stress increases with rising test temperature. It was observed that at temperatures
of 293 K and 573 K, the plasticity is 12 %. Generally, the reduction of intermetallic plasticity with
increasing temperature is a well-known phenomenon [12, 13], with the minimum occurring at 873 K.
The material undergoes destruction through chipping at an angle of 45° to the axis of the sample.

7Hm

!Electron Image 1
a

Fig. 4. Fracture surfaces of NiAdl; intermetallic samples tested for tension: ¢ — at a tempera-

ture of 293 K, 6 — temperature of 1173 K
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Fig. 5. Dependence of the shear stress on the residual deformation of Ni4/; intermetallic in the

area of macrodeformation: 1 — at a temperature of 873 K, 2 — 573 K, 3 — 293 K
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Conclusions
In conclusion, the synthesis of an intermetallic Nid/; alloy using the combustion synthesis me-
thod followed by pressure treatment until the product is heated due to a chemical reaction allows for
the production of a material with relatively high mechanical properties. The conducted studies indicate
potential opportunities for enhancing the plasticity and strength of this material, such as through direc-
tional alloying.
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