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MODELING AND THERMODYNAMIC ANALYSIS OF REACTIONS DURING
THERMOCHEMICAL PRESSING OF POWDER INTERMETALLIC ALLOYS

The results of thermodynamic analysis of reactions that are possible during the production of
powder intermetallic alloys under the conditions of thermochemical pressing are presented. On the
basis of thermodynamic analysis of the course of reactions of formation of intermetallic alloys in the
conditions of thermochemical pressing the thermodynamic properties and equilibrium constants of all
independent reactions of formation of intermetallics in Ni-Al and Ti-Al systems and their activation
energies are obtained. It was found that intermetallic compounds in the Ti-Al system have high values
of activation energy, and therefore show the complexity of thermochemical reactions under normal
conditions. The equilibrium composition of the synthesis product in the Ti-Al system, although the tar-
get reaction product here is titanium monoaluminide e-TiAl, but the main (inevitably present) by-
product is 6,-TizAl.

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

Ilpeocmasneno pezyriomamu mepmoOUHAMIYHO20 AHANIZY PeaKyiti, Wo MOMCIUGL Nid Yac 0le-
PIHCAHHS NOPOUKOBUX THMEPMEMANiOHUX CHIABI8 3d YMO8 MepMOXiMiuHo20 npecysanus. Ha ocrosi
MePMOOUHAMIYHO20 AHANIZY nepedicy peakyill YmMEOPeHHs IHmepMemaniOHux Cniasié 8 ymMosax mep-
MOXIMIMHO20 NPECY8AHHA OMPUMAHI MEPMOOUHAMIYHI GIACMUBOCTI A KOHCMAHMU DIGHOBACU 6CiX
nezanescnux peaxyit ymeopennsi inmepmemaniois y cucmemax Ni-Al i Ti-Al ma ixui enepeii axmuea-
yii. Bemanoeneno, wo inmepmemanioni cnonyku 6 cucmemi Ti-Al marome eucoxi snauenus enepeii
akmueayii, a 8i0max, NOKA3yMb CKIAOHICMb nepedicy mepMOoXIMIYHUX pearkyil 8 36UHAIHUX YMOBAX.
Pisnosasicnuii cknao npodykmy cunmesy y cucmemi Ti-Al xoua i yinbosum npodyxmom peaxyii mym €
monoaniominio mumany 2-TIAl, are ocnosnum (nemumnyue npucymuim) nobiunum npoOOYKMom €
62-TizAl

Knrwouoei cnosa: mooentosanHs, mepmoOuHaMivHull aHALi3, IHmepMemaniou, mepmoxXimMiuHi pe-
aKyis, mepmoximiune npecysamns, eHepais akmueayii.

Problem’s Formulation

Thermodynamic analysis, first of all determination of maximum adiabatic temperatures of
process, acquires essential value at an estimation of possibilities of reception of various inorganic
compounds, in particular aluminides, by a method of thermochemical pressing. A significant amount
of data from thermodynamic analysis of reactions of formation of carbides, borides, nitrides and other
compounds has been published. However, there is absolutely no such information about intermetallics.
This is due to the lack of data in the reference literature on their thermodynamic properties, such as
heat capacity and entropy. At the same time, various empirical and semi-empirical methods for esti-
mating these values are known. Therefore, it is of undeniable interest to conduct thermodynamic anal-
ysis of intermetallic formation reactions using such methods that allow to estimate unknown quantities
with a sufficient level of accuracy.

Further progress in the creation of intermetallic alloys is possible with the use of new methods
of synthesis. One of the most promising areas in the field of obtaining new materials with a high level
of performance is the creation of composite materials based on intermetallics by high-energy and high-
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speed pressure treatment methods. Such technologies are the technology of thermochemical pressing.
Thermochemical pressing is a new type of technology for processing metals by pressure, in which hot
products of thermochemical synthesis, which have not yet cooled, are compacted by external forces
(pressing, extrusion, blasting) [1, 2].

Given the above, the aim of this work was to study the effect of thermodynamic properties of in-
termetallic systems on the structure and phase formation of alloys obtained by thermochemical press-
ing of powder mixtures of Ni-Al and Ti-Al systems.

Analysis of recent research and publications

The object of research is intermetallic alloys based on titanium and nickel aluminides. Thermo-
dynamic calculations were performed in a wide range of temperatures. The initial temperature for cal-
culations is the standard temperature of 298 K, and the final — the maximum melting point of inter-
metallics (~ 2000 K) [3]. For each intermetallic compound in this temperature range, the values of and
were calculated in increments of ~ 200 K. The values of the thermodynamic functions were also de-
termined at the melting point of aluminum (933 K). For some compounds, calculations were per-
formed using the programs "TERRA" and "THERMO" [4], which consists of an information fund and
contains information about the thermodynamic properties of individual substances and a set of pro-
grams that calculate the equilibrium parameters of chemically reactive systems. Calculations of en-
thalpy of formation and Gibbs energy of intermetallics in a wide temperature range were performed
using the classical Vant-Hoff isothermal equation, reference data on standard values of enthalpy of
formation of compounds, entropy, temperature series of heat capacities, and temperature and thermal
effects of phase transitions [5].

Formulation of the study purpose

The most reliable way to predict the possibility of a thermochemical reaction in any mixture is
to calculate the adiabatic combustion temperature of this mixture. This temperature must be high
enough to provide an intense heterogeneous response. It is desirable that the adiabatic combustion
temperature be higher than the melting point of at least one of the components. Therefore, consider
briefly the method and results of calculating the combustion temperature.

Presenting main material

Temperatures of thermochemical processes are usually calculated under the assumption of
adiabaticity, ie the absence of heat loss from the reaction zone, in the case of complete conversion of
reagents into final products. At the same time the equality of enthalpies of initial substances at initial
temperature T, and final products at T,, [6] should be carried out

n
2 [H(Tao) = H(To)l = 4H =Qy, (1)
i=1

where T,,, T, — adiabatic and initial reaction temperatures; Q, — thermal effect of the reaction.

Data are summarized for all reaction products.
If one product is formed, equation (1) takes the form

Ta0
[CoTT =Q-p-L, )
TO

where Cp(T) — heat capacity; Q, L — heat of formation and melting of the product, respectively;
u — the proportion of the liquid phase in the combustion product;
_ {](-) opuT,, <T,, . @)
apul,, >T,,

If, T,p=T,, then 0<wu<1. The fraction of the high-temperature phase for the case

T,y =T,, can be determined by the formula
_ Q_C(Tnﬂ _TO) (4)

L L
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where ¢ — the heat capacity of the reaction products, averaged over the temperature range Ty ... T ;.
In the simplest case of one reaction product formed of elements

Zn:xi —7Z. ()
i=1

Then equation (1) can be transformed by equation (2). Usually the values T,,are found from

the solution of equation (2). Using the expression for the average heat capacity and thermal effect of
the process
Ta()

- 1
c=— = [c(T)T; (6)
Tao—To T'[
Q=Q-u-L, (7)
can be rewritten (2) for greater clarity in the form
T, =To +% . (8)

A number of papers have used a more general approach that considers the chemical and phase
equilibrium in multicomponent combustion products and allows to calculate not only the combustion
temperature but also the composition of products [5, 7]. For gas-free combustion of a single-phase
product, both approaches give the same result.

Therefore, to calculate the adiabatic combustion temperature, it is necessary to know the stan-

dard values of the heat of formation of compounds AH 4, temperature dependences of their heat ca-
pacity C (T ), heat of fusion. L .

he greatest difficulties in thermodynamic analysis arise due to the lack of study of temperature
dependences of the heat capacity of the formed compounds. The heat of formation of a significant
amount of these compounds is given in the reference literature [7, 8]. Approximate semi-empirical
methods are used to obtain the equations for determining the heat capacity and heat of fusion. There
are several methods for calculating the heat capacity of compounds, such as Neumann-Kopp, Landia
and others. The calculation of heat capacity, ie determination of the coefficients of the equation

Cp(T)z ap +ay 1073T + a_p :10°T 2, was performed by the method proposed in [90]. The values of

melting points of compounds Tm(K), indicators of standard entropies 8298 and temperatures of po-
lymorphic transformations were used for calculation. Tsagareishvili and Gvelesiani equations were
used ag, &, a_p to calculate the coefficients [9]

03Cay
a="0_|595_ P27 |. 9)
n nn
034C%%
p- a1 034Ch20s . (10)
n Tl’l]l
c=“72=o,9(a+b.298—cg’§98).1o5, (11)

where 3’598 — standard gram-atomic heat capacity; n — the number of atoms in the compound;
6 — characteristic temperature.

For some types of crystalline compounds, in particular for intermetallics, the method of calcu-
lation C,59g known in the scientific literature using the principles of the entropy method and the

Kopp-Neumann rule is used [10]

C

p298 = 385 |g Sélgé +2,25. (12)
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The characteristic temperature is determined by the formula [13]
sam -1/2
0= 1130(exp% - 0,78J , (13)

where S5gs — standard gram-atomic entropy, which can be calculated by the formula of Yatsimirsky

[9]

am D.S2980; —0- AV
n

S298 = , (14)

where 28298 . — sum of entropies of the elements that make up the compound; « — constant,

when measured in ml/mol is approximately 1/3; AV — the difference between the volume of 1 mole
of the compound and the sum of the atomic volumes of the components.

Melting points and polymorphic transformations are determined by the state diagram. Also,
the missing values of the entropy of intermetallics formed can be calculated by the formula of Eastman
[11]

o 3 3
8298 = R(EInACp + InVCp —ElnTm)+ a, (15)

Acp — molecular weight of the compound relative to the atoms in it; V¢, — average atomic volume;

T,, — absolute melting point of the compound; R — universal gas constant, which is equal to 8.31

J/(mol-K); a — constant equal to 52.3 J/(mol-K).

Formulas (12)—(14) determine the atomic heat capacity, characteristic temperature and atom-
ic entropy for intermetallic compounds of the Ni-Al and Ti-Al systems. Using the obtained data, we
then obtained the equation to determine the heat capacity. The experimental values Cp(T) differed

from the calculated data by no more than 5 %.
According to the obtained equations of heat capacity and reference data on the heat of forma-
tionT,,, the calculation is performed in accordance with expression (2). First, the thermal effect is

calculated by the formula [12]
Tl’l.'"l
AH(T,,)= [Cp(T)T, (16)
T()

and is compared with the value Q . When AH(T,,)>Q adiabatic temperature T, was lower than the
melting point of the product 7, and its value was found from equation (2). If AH(T,,)<Q, then
T, 2T,,,and in this case it is necessary to consider melting of the formed product.

1

The heat of fusion of intermetallics is estimated by the formula [17]
AHy . = A8y Ty, )

since it is known that the melting entropy of inorganic compounds can be estimated in the range of
5...7 cal/mol-deg (20.9... .29.3 J/mol-K). The heat capacity of the liquid product C,,. was assumed to

be 8-n cal/mol-deg, where n — is the number of atoms in the molecule of the compound formed. The
adiabatic combustion temperatures of binary metal systems that form various intermetallic com-
pounds. Thermodynamic analysis showed that for most metal systems the adiabatic combustion tem-
perature is equal to or higher than the melting point of the final product — the intermetallic com-
pound. This condition is sufficient for the self-propagating high-temperature synthesis to take place
under normal conditions.

Therefore, thermodynamic analysis of thermochemical reactions of intermetallic formation by
the ratio of adiabatic combustion temperature and melting point of the formed product showed that the
studied reactions can be divided into two groups. The first group includes systems in which the adia-
batic combustion temperature is lower than the melting point of the compound formed (7, <T,,)-
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First of all, it is the Ti + Al system, in which synthesis under normal conditions is unlikely. Preheating
is required to carry out the synthesis reaction. The second group includes systems for which the adia-
batic combustion temperature is equal to or exceeds the melting point of the product formed
(T,y=T,,).This group includes the Ni + Al system, which, as shown by the thermodynamic calcula-
tion of the maximum adiabatic temperature, is characterized by the interaction in the combustion mode
under normal conditions (7, = 298 K).

Thermodynamic calculations of the stability of intermetallic compounds, as well as other
chemical compounds, based on the use of the Gibbs-Helmholtz equations, as the dependence of the
change in free Gibbs energy on temperature [5]

AGT = AH1 —T - ASt, (18)
where AGt — free Gibbs energy, kd/mol; AH; — enthalpy of formation, kJ/mol, AS? — entropy,

J/imol-K; T — temperature, K.
In the case of the reaction of intermetallic in the Me-Al system according to the equation

Me, + Aly = Me, Al , (19)
the standard enthalpy of formation and entropy of this chemical reaction is calculated as follows [5]:
AH98 =v1 Y AH 208 poo —V2 D, AH 208 e (20)
AS98 =v1 Y. AS298 mpoo —V2 D, 49298 uex » (21)
where Z AH 508 npoo  — Sum of standard enthalpies of formation of reaction products, kl/mol;

ZAH 208 vex — SUm of standard enthalpies of initial substances, kd/mol; ZASZ% npoo — Sum of

standard entropies of reaction products, kl/mol; ZASZ% wex — sum of standard entropies of initial

substances, kJ/mol; v; i v, — stoichiometric coefficients.

Next, the Gibbs energy at standard temperature is calculated for the reactions of formation of
compounds Mey AIy according to formula (19).

Next, the Kirchhoff equation calculates the change in enthalpy and entropy of intermetallics at

the required temperature T [12]
T

AHT =AH§98+ IAdeT ; (22)
298
T
o AC pdT
AST = A8298 + J y (23)
T
298

where AC, — change in heat capacity depending on temperature, J/mol-K.

The next step is to calculate the change in Gibbs energy ( AGt ) of this intermetallic at temper-

ature T
AGT = AH; =T - 481 . (24)

Enthalpy calculations showed that in the temperature range 298... 7, , K the thermal effects
of these chemical reactions have values < 0 and, accordingly, the reactions occur with the release of
heat.

Analyzing the dependence of the free Gibbs energy on temperature, we can conclude that the
stability of intermetallic compounds formed in the Ti-Al and Ni-Al. systems. Each compound of the
system is characterized by a negative value of Gibbs energy. Estimation of the change in Gibbs free
energy AGt during the formation of various aluminides with aluminum and Nickel showed that the

intermetallic phase NiAl; . It is slightly lower AG in the metastable phase of NiyAls, but it can be
formed only after a few intermediate transformation reactions, which is thermodynamically unlikely.
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Calculations of the change in the Gibbs free energy AG during the formation of various alumi-
num and titanium aluminides confirmed that the TiAl; phase has the lowest energy of stable interme-
tallics in the entire temperature range. Slightly lower AG in metastable phases TiAl, and Ti,Als, but
they can be formed only after a few intermediate transformation reactions, which is thermodynamical-
ly unlikely.

To calculate the equilibrium of chemical reactions in the studied systems, as well as to deter-
mine the equilibrium compositions of the components involved in these reactions, the equilibrium
constants of all independent reactions possible in these systems were determined. The equilibrium
constant is associated with a change in the Gibbs energy of the reaction through the relationship [3, 5]

AG? =-RTInk ; (25)
AGY

kr =exp| ——L |. 26

T p[ RTJ (26)

Equations (25) and (26) make it possible, knowing AG’, to calculate the equilibrium constant
and, conversely, to determine the change in the Gibbs energy of the reaction from the experimentally
found value of the equilibrium constant. The results of calculating the rate constant of the reaction rate
of formation of intermetallic compounds in Ni-Al and Ti-Al systems show that with increasing tem-
perature the value of the constant decreases, ie heat is released as a result of reactions (thermochemical
exothermic reaction Q > 0).

Based on the thermodynamic calculation, it is established that the reaction of formation of in-
termetallic compounds proceeds in the forward direction, at all possible temperatures of the process.
Large values of the equilibrium constant (for NiAl — k = 5,03-10%, TiAl — k = 2,3-10") show that
under standard equilibrium conditions the reaction is very shifted to the right, which means that at
298 K a stable compound of intermetallics is formed . At low temperatures, less than 933 K, the reac-
tion proceeds very intensely, as evidenced by the very high value of the reaction constant.

The activation energy of each reaction can be estimated by the formula [27]

RlInk, —Ink
Ea:%. (27)
nT

We find the value of the reaction rate constant of the formation of intermetallic compounds at
temperatures 77 = 298 K i 7, = 1000 K. Accordingly, we obtain for the Ni-Al — Ink; = 16,051 Ink, =

3,21, for the system Ti-Al Ink; = 26,89 1 Ink, = 3,57. The values of the activation energy of the in-

termetallic alloy formation reaction obtained by thermodynamic calculation were 45.153 kJ/mol and
82.263 kd/mol, respectively.

Therefore, based on thermodynamic analysis of intermetallic alloys formation reactions under
thermochemical pressing conditions, the equilibrium constants of all independent intermetallic forma-
tion reactions in Ni-Al and Ti-Al systems and their activation energies are obtained. It was found that
the activation energy for the reaction of titanium and aluminum with the formation of intermetallics is
82.263 kJ/mol, which is ~ 1.8 times higher than the activation energy of Ni-Al alloys. Therefore, in-
termetallic compounds in the Ti-Al system have high values of activation energy, and thus show the
complexity of the SHS reaction under normal conditions. To carry out the synthesis reaction in the Ti-
Al system requires preheating the system to a temperature of 400...600 K.

The second most important problem of thermodynamics of thermochemical processes is aimed
at calculating the equilibrium composition of synthesis products. Solving this problem allows you to
find the composition of the reaction mixture required to obtain the desired product. Such thermody-
namic analysis is especially important in complex multicomponent systems, when the composition of
combustion products is not obvious due to the presence of competitive side effects, phase transforma-
tions, dissociation. Thermodynamic calculations of the change in Gibbs free energy AG in the forma-
tion of various aluminum and titanium aluminides confirmed that in the entire temperature range the
lowest energy of stable intermetallics has the phase TiAls.
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Thermodynamic calculations of the equilibrium state in the Ni-Al system have shown that in-
termetallics are always synthesized into a single-phase product of the specified stoichiometry. In the
NiAl formation system, the monophase product is NiAl Nickel monoaluminide. In the TiAl system,
the calculation showed that although the target reaction product here is titanium monoaluminide TiAl,
the main (inevitably present) by-product is the Ti3Al phase. The ratio of phase components (TiAl to
Ti3Al) is 70: 30 %, which is in good agreement with the available results of the study of structural and
phase formation of alloys obtained by thermochemical pressing of powder mixtures of Ni-Al and Ti-
Al [13—15].

Therefore, the optimal areas for obtaining certain phases, determined thermodynamically (cal-
culation), will monitor the processes of both phase formation and formation of the microstructure of
the product at all stages of the process, identify the sequence of phase and structural transformations
and mechanisms of interaction of these metals with aluminum in high temperature synthesis.

Conclusions

Thus, thermodynamic analysis of intermetallic systems and determination of adiabatic temper-
atures of formation of various compounds leads us to believe that the implementation of the process of
thermochemical pressing is not the only exception, but the rule for many refractory compounds. Al-
most every refractory intermetallic compound of metals resistant to high temperatures is formed from
elements with strong heat release, and can be obtained by thermochemical pressing. It should also be
noted that despite the short duration of the thermochemical pressing process, the obtained products are
close in composition to thermodynamic equilibrium.
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MOJEJIOBAHHSA 1 TEPMOI[I/IHAMI‘IHI/IFI AHAJII3 PEAKHII71 nprPu
TEPMOXIMIYHOMY HPECYBAHHI ITIOPOUIKIB IHTEPMETAJIITHUX
CILIABIB

Cepena B.I1., Benokons 10.0., Kpyrask I.B., Cepena I.b., Kpyrask /1.0.

Pedepar

[IpeacraBneHo pe3ynbTaTH TEPMOAMHAMIYHOTO aHaJi3y peakuii, o MOXKJIIHMBI i 9ac oxep-
KaHHS TIOPOIIKOBUX IHTEPMETANiIHUX CIUIaBiB 32 YMOB TepMoOXiMidyHOro mpecyBaHHsi. Ha ocHoOBi
TEPMOIMHAMIYHOTO aHaji3y mnepediry peakmii yTBOpEHHsI IiHTEpMETaliIHUX CIUIaBiB B yMOBax
TEPMOXIMIYHOTO MpECyBaHHS OTpUMaHi TEPMOJMHAMIYHI BIACTUBOCTI Ta KOHCTAHTH PIBHOBATH BCiX
HE3aJICKHUX peakiiii yrBopenHs inTepMmeramigiB y cucremax Ni-Al i Ti-Al ta ixHi eneprii akTuBamii.
BcranoieHo, mo a1 peakuii B3a€eMoil TUTaHY Ta aJIIOMIHIIO 3 YTBOPEHHSIM IHTEpMETaJIiIiB eHepris
akTHBaIlii craHoBUTH 82,263 k/[x/Mob, 110 B ~ 1,8 pasa Bumia 3a eHeprito aktusaiii Ni-Al criagis.
BcranoBieHo, mo iHTepMmeTanmimHi cmonyku B cucteMmi Ti-Al MaroTh BHCOKI 3HAueHHS EHeEpTii
aKTHBalii, a BiITaK, MOKa3ylOTh CKIAAHICTh Mepediry TepMOXiMiuHUX peaklii B 3BHYaHUX yMOBAaX.
AmHani3 piBHOBakHOTO cTaHy iHTepMmeraninnux crasiB NiAl Ta TIAl moka3zas, mo MexaHi3MH CTPYK-
TYPOYTBOpPEHHSI CIUIABY SIKICHO pO3pi3HsIOThCSA. Ha BiaMmiHy Bin cHHTE3y aliOMiHimy HiKemro, KR
Max MOHO(a3HuMil poayKT, Audy3iitHi nporecu B TIAl BigOyBaroTbcs MOBNBHIIIE, 1 CHHTE3 T-(a3u
BiOyBa€eThCsI B MPOLEC OXONOMKEHHS, 3 TOBUIBHUM pPYXOM MEXKI pO3IUly Ta 31 ClIaOKuM
TEIUTOBUIUICHHSM (MIOBTOPHE CTPYKTYpOYTBOPEHHs). PIBHOBaKHHMI CKJIaJ TPOIAYKTY CHHTEIY Y
cucreMi Ti-Al xo4a i IUTBOBMM MPOAYKTOM peakiii TyT € MOHOa OMiHIN TuTany r-TIAl, ane ocHOB-
HUM (HEeMUHYYE MPUCYTHIM) OOIYHUM MPOIYKTOM € 0p-TizAl.

JlirepaTypa
[1] Sereda B., Sereda D., Belokon Y. Investigation of corrosion and oxidation of r-TiAl alloys ob-
tained in self propagating high temperature synthesis. Materials Science and Technology Confer-
ence and Exhibition. (Columbus, October 4-8, 2015). Columbus, 2015. Vol. 2. P. 1249-1255.
[2] Sereda B., Belokon Y., Belokon K., Kruglyak D., Kruglyak I., Sereda D. Thermodynamics analysis
of flowing for SHS-reactions in system Ni-Al alloys. Materials Science and Technology Conference
and Exhibition. (Portland, September 29 — October 3, 2019). Portland, 2019. P. 1395-1400.



Poznin 2. MonientoBaHHs Ta ONTUMI3allis B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiajiB 79

[3] baramun I'.M., Benoboponosa E.A., Kasumupor B.II. TepmogumnamMuka u CTpOEHHE >KHUIKHX
CIJIAaBOB Ha ocHOBe amoMuHusl. MockBa : Meramnyprus, 1983. 160 c.

[4] benos I'.b., TpycoB b.I'. TepmoaguHaMuuecKoe MOJAEIUPOBAHNE XUMUYECKH PEATUPYIOIIUX CHC-
TeM [DnekrponHas Bepcusi]. Mocksa : MI'TY um. H. D. Baymana, 2013. 96 c. Pexxum nocryma:
http://ihed.ras.ru/~thermo/MU-Belov-Trusov.pdf

[5] Kapanerssu M. X. Xumudeckass TepMOIUHAMUKA. 3-€ U3, epepad. u gomn. MockBa : Xumusl,
1975. 584 c.

[6] Belokon K., Belokon Y. The usage of heat explosion to synthesize intermetallic compounds and
alloys. Ceramic Transactions. 2018. Vol. 261. P. 109-115.

[71 Wudopmanmonno-cipaBounast cucrema «Tepmuueckne Koncrantel BemectB» [DnekrponHas
Bepcusi]. — Pexmm pmocryma: http://www.chem.msu.su/rus/ tkv/welcome.html. Bribopxa:
01.01.2016.

[8] Bepstun V./J., Mammupes B.I1., Ps6ues H.I'. u ap. Tepmoannamuveckne cCBOWCTBa HEOPraHUYIEC-
kux BeniecTs : cripaBouHuk / [Tox pen. A. I1. 3eupoBa. Mocksa : Atomusnar, 1965. 460 c.

[9] TenamBunu I''A., JI3nenanze XK.M. TepmoaguHaMU4YecKui pacueT peakluil MOMyUYeHUS UHTEpPME-
tamwmaa NbsAl MeTomoM cOBMECTHOrO BOCCTAaHOBIICHUSI OKUCIIOB HHOOHS M QIIOMUHHUS TUAPH-
oM Kanbius. [lopowkosas memannypeus. 1979. Ne 8. C. 13-16.

[10] Hait6oponenko FO.C., JlaBpeuyk I'.B., @unatos B.M. CamopacnpocTpaHsromuiics BEICOKOTEM-
nepaTypHbId cuHTe3 amoMUHUIOB. | TepMonuHamuueckuit anamms. [lopowikosas memannypeus.
1982. Ne 12. C. 4-8.

[11] JTanmus H.A. Pacder BBICOKOTEMIIEPATYpHBIX TEMIOEMKOCTEW TBEPIBIX HEOPraHUYECKHUX Be-
LIECTB MO cTaHAapTHOH 3HTponuu. Tounucu | U3n-8o AH. I'pys. CCP, 1962. 222 c.

[12] KyxoBuukuit A.A., lIBapiman JI.A. ®usnueckas xuMus : yueO. 1uis By30B. 4-¢ U3, nepepad. u
nor. Mocksa : Meramryprus, 1987. 688 c.

[13] Imayev V.M., Imayev R.M., Gaisin R.A., Nazarova T.l., Shagiev M.R. and Mulyukov R.R. Heat-
resistant intermetallic alloys and composites based on titanium: microstructure, mechanical prop-
erties, and possible application, Mater. Phys. Mech. 2017. No. 33, P. 80-96.

[14] Kastenhuber M., Klein T., Clemens H. and Mayer S. Tailoring microstructure and chemical com-
position of advanced r-TiAl based alloys for improved creep resistance. Intermetallics. 2018. No.
97. P. 27-33.

[15] Sereda B., Belokon Y., Sereda D., Kruglyak 1. Modeling of processes for the production of
bassed TiAl and NiAl in the conditions of SHS for aerospace applications. Materials Science and
Technology Conference and Exhibition. (Portland, September 29 — October 3, 2019). Portland,
2019. P. 137-142.


http://ihed.ras.ru/~thermo/MU-Belov-Trusov.pdf
http://www.chem.msu.su/rus/%20tkv/welcome.html

