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MODELING OF THE GASEOUS ENVIRONMENT TO OBTAIN ALUMINIZED COATINGS
DOPED WITH CHROMIUM UNDER NON-STATIONARY TEMPERATURE CONDITIONS

The purpose of this work is thermodynamic modeling of obtaining alitated coatings doped
with chromium under the conditions of self-propagating high-temperature synthesis. Investigation of
the mechanism of forming a protective coating on structural materials was carried out using the me-
thod of thermodynamic analysis of possible chemical reactions between the components of the system.
For this purpose, the interaction of the gas saturated medium formed in the SHS process and the ma-
terial was calculated. For thermodynamic analysis of the SHS process of forming alitated coatings, we
use the universal program of calculation of multicomponent heterogeneous systems TERRA, created
on the basis of the ASTRA-4 program under the environment WINDOWS and worked out for high-
temperature processes. Unlike traditional methods in chemical thermodynamics, methods of calculat-
ing the equilibrium parameters using Gibbs energy, equilibrium constants, and Goldberg and Vage
law, the universal program of TERRA thermodynamic calculations is based on the maximum entropy
principle for isolated thermodynamics. It is characterized by a maximum of entropy in terms of ther-
modynamic degrees of freedom, which include concentrations of system components, temperature,
pressure.

Keywords: chrome,; thermodynamics, modeling; synthesis; coatings, aluminum.

Memoro 0awnoi pobomu € mepmoouHamiune MOOeIOBAHHA OMPUMAHHA AINOBAHUX HOKPUM-
mis, 1e208aHUX XPOMOM, 8 YMOBAX CAMOPO3NOBCIO0NHCYBANbHO20 BUCOKOMEMNEPAMYPHO20 CUHMES).
Hocniooicenns mexanizmy opmyeanHs 3axucH020 NOKPUMMS HA KOHCMPYKYIUHUX Mamepiaiax npo-
800UNOCL MEMOOOM MEPMOOUHAMIYHOZO AHANIZY MONCIUBUX XIMIUHUX Pearyitl Midc KOMHOHEeHmamu
cucmemu. J{na ybozo 6Y10 po3PAX0BAHO 83AEMOOII0 2A308020 Cepedosulyd, Wo YMBOPIEMbCA 8 NPo-
yeci CBC, i mamepiany. /{na mepmoounamiunoco ananizy npoyecy CBC ¢opmysanns arimosanux no-
KPUMmia Mu GUKOPUCMOBYEMO YHIBEPCATbHY NPOSPAMY PO3PAXYHKY 0A2AmMOKOMNOHEHMHUX PI3HOPIO-
Hux cucmem TERRA, cmeopeny Ha ocnogi npoecpamu ASTRA-4 6 cepedosuwyi WINDOWS ma po3po6-
JIeHy 015 8UcCoOKomemnepamyphux npoyecie. Ha 6iominy 6i0 mpaouyiinux memooié Ximiunoi mepmo-
OuHamiKu, memoodie 00UUCNIeHHs napamempie pieHosazu 3a 00nomocorw enepeii 1ibbca, koncmanm
pisnosacu ma 3axony lorvbepea ma Bare, yHisepcanvHa npoepama mepMOOUHAMIYHUX OOYUCIEHb
TERRA 3acno8ana Ha npuHyuni MakcumaibHoi eumponii 05 i301b06anoi mepmoounamixu. Bin xapa-
KMepUu3yemuv s MAKCUMAIbHOIO eHMPONIEIO 3 MOYKU 30pY MEPMOOUHAMIYHUX CIMYNEHI8 c80000U, WO
BKIIIOUAE KOHYEHMPAayii KOMNOHEHMIE CUCTNEMU, MEeMNEPAmypy, MUCK.

Kntouoei cnosa: xpom; mepmoOuHamixa, MoOent08aHHs, CUHME3, NOKPUMMSL, AJITOMIHIU.

Formulation of the problem

The study of the protective coating formation mechanism on structural materials was carried
out using the method of thermodynamic analysis of possible chemical reactions between system com-
ponents. For this, a calculation was made of the interaction of a gas saturated medium formed in the
SHS process and the material. For the thermodynamic analysis of the SHS process of forming alita-
nium coatings, the universal program for calculating multicomponent heterogeneous systems TERRA,
created on the basis of the ASTRA-4 program [1—5] under the WINDOWS medium, and developed
for high-temperature processes, is used. In contrast to the methods traditionally used in chemical ther-
modynamics for calculating equilibrium parameters using Gibbs energy, equilibrium constants, and
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the Goldberg and Wage mass laws, the TERRA universal thermodynamic calculation program is
based on the principle of maximum entropy for isolated thermodynamic systems in equilibrium. It is
characterized by a maximum of entropy in thermodynamic degrees of freedom, which include the
concentration of system components, temperature, and pressure.
Analysis of recent research and publications

In the course of one SHS reaction, the thermodynamic calculation [6] of the adiabatic interac-
tion temperature Yes is grounded on the following assumption [7]: the reaction proceeds completely
(with a conversion satellite of 100%) under adiabatic conditions, that is, the heat of reaction at the ini-
tial temperature TO (T0> 298 K) consumed by heating to Tad and possibly melting products. The cal-
culation reduces to determining the value of Ho from the nonlinear equation of balance of enthalpy:

Ty
At (r)= | AH3o5(r)+ [ e, ()T |= 4ty (pr)=
r 298
Teg Ty Teg
_Z 298 Pr (1 xm)fcp(PKq)dT+x I (Prm)dTJrAH (prm + | ¢, prm)dT , (1)
298 298 T

cr

where H°298 — standard enthalpy of substance formation (for elements 4H°298 = 0); AH, and T,, —
heat and melting point; ¢, — heat capacity; x,, — the mole fraction of the melt in the reaction prod-
ucts; » — reagent; p,— reaction products; the lower indices s and w refer to solids and melt, respec-
tively.

As can be seen from formula (1), the value of Tad is determined by the difference between the
initial enthalpy of the system and its enthalpy in the equilibrium state at Tad. However, this approach
is valid only for a small number of reagents and possible reactions and is not suitable for multicompo-
nent heterogeneous systems in which several competing reactions can occur simultaneously with the
formation of various products. In addition, the possibility of an incomplete conversion is not taken into
account in formula (1): as you know, not a single reaction proceeds completely — an equilibrium is
always established between products and reagents at a certain concentration of both.

Therefore, for multiphase multicomponent systems, it is necessary to apply other methods for
calculating thermodynamic equilibrium. In recent years, computer programs with thermodynamic da-
tabases (TBD) have been used for HMs, based on the search for the minimum Gibbs energy of a mul-
tiphase multicomponent system [8, 9, 10—13]. In this case, TM is reduced to searching for com-
pounds in LDP that can be formed from the elements that make up the starting materials and determin-
ing their quantitative ratio, which corresponds to equilibrium under given conditions. For SHS
processes in multicomponent systems at the Institute of Structural Macrokinetics and Problems of Ma-
terials Science of the Russian Academy of Sciences, a specialized program ISMAN-THERMO has
been developed, which allows conducting HM only in adiabatic mode [10, 11]. Developed at MSTU.
N.E. Bauman's universal program ASTRA-4 searches for the equilibrium composition, corresponds to
the condition of a local maximum of the entropy of the system S if there are restrictions (the condition
of conservation of the mass of each element and the total internal energy of the system) for a given
initial composition and thermodynamic regime [12, 13].

Results

The purpose of this work is to obtain the equilibrium composition of the products of the sys-
tem for alliteration during thermal self-ignition under conditions of self-propagating high-temperature
synthesis. Powder saturating charge in alliteration under SHS conditions [14—20] has a chromium
component, aluminum, gas transport activators, as well as titanium, chromium and silicon.

Comparative thermodynamic evaluation of copper saturation by gas and gas method deter-
mines the feasibility of using one of these methods of saturation of copper and its alloys with silicon,
aluminum, titanium, chromium and nickel.

The equilibrium composition of SHS-charge in the mode of thermal auto-ignition was calcu-
lated for the system: 20% XC + 15% Al + 5% Cr + 55% AL O, + 2% NH4 I + 3AIF, For a large range

of source component changes as a function of temperature.
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As a result of the combustion of powder mixtures with GTA, it is possible to form a gas phase
containing compounds I,, Cl, F with the chemical elements included therein. With increasing tempera-
ture there is an increase in the number of halides (Figs. 1, 2). This confirms the possibility of transfer-
ring alloying elements to form coatings.
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Fig. 1. The content of condensed products in the reactor, in the mode of SHS-charge for
system: 20% XC + 15% Al + 5% Cr + 55% Al O, + 2% NH4l + 3AIF,
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Fig. 2. The content of gaseous aluminum compounds in the reactor, in the mode of SHS-
charge for the system: 20% XC + 15% Al + 5% Cr + 55% AL O, + 2% NH,I + 3AIF,

With increasing temperature, the number of products in the gaseous phase increases and con-
densed products are released. It is noteworthy that in the temperature range of 700—1600 K, the frac-
tion of the condensed phase falls, which is due to the evaporation of the carrier. At the same time,
starting at 800 K, there is a decay of reaction products, which confirms the appearance of decomposi-
tion products and a sharp increase in the number of moles of gas.
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The gaseous products interacting with the elements of the powder system are transferred to the
gas phase. At temperatures above 800 K, the fraction of the condensed phase is almost unchanged.
This fact suggests that in the temperature range of 700—1600 K, condensed phase evolution occurs,
but without changing the number of moles, which is characteristic of decay reactions, exchange with
the substrate, that is, chemical element transport occurs.

The content of gaseous aluminum compounds in the reactor in the mode of self-ignition SHS-
charge for the system: 20% XC + 15% Al + 5% Cr + 55% AL O, + 2% NH4 I + 3AIF, In the tempera-

ture range 700—1600 K e: AIH, AlH,, AlH;, AIF, AlF,, AlF;, AIHF, AIH,F, All, All,, All;, etc. The
content of chromium gas compounds: Al(c), Al,Os(c), AlF;(c), Alls(c), AIN(c), Cr(c), Cry(c), Crl(c),
Ti(c) and others. The content of chromium gas compounds:Cr, Cr,, CrO, CrH, CrOH, CrF, CrF,, CrF;,
Crl, Crly, Crl; etc., as well as the content of condensed products: Al(c), Al,Os(c), AlF;(c), Alls(c),
AIN(c), Cr(c) etc.
Conclusions

As a result of thermodynamic calculation of the equilibrium composition of the reaction
products, kinematic schemes of chemical transformations in the studied systems were obtained. Con-
densed and gaseous compounds have been identified. It is proved that in the temperature range 700—
1600 K reactions occur with condensed phase separation, but without changing the number of moles,
which is characteristic of decay reactions, exchange with structural material, ie chemical transport of
elements takes place.
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MOJEJIOBAHHSI T'A30BOI'O CEPEAOBHUIIA AJ51 OTPUMAHHS AJIITOBA-
HHUX\ NIOKPUTTIB, JETOBAHUX XPOMOM IIPU HECTAIIIOHAPHUX TEM-
INEPATYPHHUX YMOBAX

Cepena B.II, Makcumenko O.IL., Taiinaenko O.C., Cepena J1.b.

Pedepar

st repmoanHamivHoro ananizy CBC-mporiecy ¢popMyBaHHS alliTOBaHUX TOKPHTTIB BUKOPH-
CTOBY€ThCS yHIBEpcalbHa IporpaMa po3paxyHKy OaraTOKOMIIOHEHTHHX T€TEPOTEHHHX CHCTEM
TERRA, crBopena Ha ocHoBi mporpamu ACTPA-4 nix cepenopume WINDOWS i BignpanboBaHa 1ist
BHUCOKOTEMIIEpAaTypHHUX MpoleciB. Ha BiAMiHy Bil TpamuIliiHUX y XIMIYHIM TepMOIUHAMII METOJIB
PO3paxyHKiB IapaMeTpiB piBHOBaru 3 BUKOPUCTAHHAM eHeprii | mb0ca, KOHCTaHT piBHOBAru Ta 3aKOHY
nirounx mac [ompabepra i Bare, yHiBepcaimipHa mporpama TepMoAMHaMidHHX po3paxyHKiB TERRA,
0a3yeThCs Ha TPUHIINAIT MAaKCUMYMY €HTPOITii TS 130Ib0BaHUX TEPMOIMHAMIYHIX CHCTEM, IO TIepe-
OyBaroTh y craHi piBHOBard. JlociikeHHS MeXaHi3My (OpMyBaHHS 3aXHCHOTO IOKPHUTTSI Ha KOHC-
TPYKIIHHUX MaTepiaiax 3iHCHIOBAIN, BUKOPHCTOBYIOUYH METOJ TEPMOAMHAMIYHOTO aHAJI3y MOJKIIHU-
BHX XIMIYHHX peakiii Mi>k KOMIIOHCHTAMH CHCTeMH. {7151 11b0T0 OYB BUKOHAHUN PO3PaXyHOK B3a€EMO-
il Ta30BOTr0 HACHYYIOYOT0 CEPEIOBUINA, 110 YTBOPIOEThC B MaTepiam mpu CBC-npoueci. Bono xa-
PaKTepu3y€eTbCcs MAaKCHMYMOM EHTPOIIii 00 TEPMOANHAMIYHHUX CTYTMEHIB cBOOOIH, 10 SIKUX BiAHO-
CSTHCSI KOHLCHTpAI1 KOMIIOHEHTIB CHCTEMH, TEMITEpaTypa, THCK.

3i 30UIbIIEHHSAM TeMIepaTypu KUTBKICTh HMPOIYKTIB B ra3onofiOHiil dazi 3pocrae i BHIiNIS-
IOThCSI KOHIGHCOBaHI MPOAYKTH. XapaKkTepHo, o B obnacti Temmeparyp 700—1600 K wactka xoHaeH-
coBaHoi (ha3u majae, Mo MOB'SI3aHO 3 BUIAPOBYBaHHAM HOCis. OTHOYACHO, MOYMHAIOYH 3 TEMIIEpaTy-
pu 800 K, BimOyBaeThCs po3mam MPOAYKTIB peakIlii, Mo MiATBEPKYE TOSIBa IPOIYKTIB PO3KIaTaHH 1
pi3Ke 30LIbIIeHHS KiJBKOCTI MOJIeH ra3y. ['a30moiOHi MPOaYKTH, B3a€MOIIIOThH 3 €IEMEHTaMU OPO-
IIKOBOT CHCTEMH IIEPEeBOIATH B ra3oBy (asy. [Ipu temneparypax Bume 800 K gacTka KOHIEHCOBaHOT
(a3 PaKTUIHO HE 3MIHIOEThCA. Lle# dhakT mae mimcTaBy MPUITYCTUTH, IO B TEMITEpaTypHOMY iHTEp-
Bayi 700—1600 K BinOyBaroThCsl peakiiii 3 BUIIJICHHIM KOHACHCOBaHOI (ha3u, ajne 0e3 3MiHU 4Kcia MO-
JIeld, 10 XapaKTepHO AJIs peakuiil po3naay, OOMiHy 3 MiJKIaJKOI0, TOOTO MO CyTi BiZOYBaeThCs XiMid-
HHUI TPAHCIIOPT €JIEMEHTIB.
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Bwmict razomomiOHUX CIIONYK aTiOMiHIIO B PEaKTOpi B PEXUMI TEIUIOBOTO CaMO3aMallfOBaHHS
CBC—mmxtr mrs cuctemu: 20% XC + 15% Al + 5% Cr + 55% A1203 +2% NH4 I+ 3A1F3

B nianazoni remnepatyp 700—-1600 K e: AIH, AlH,, AlH;, AlF, AlF,, AlF;, AIHF, AIH,F, All,
All,, All;, 1 im. BmicT razomonionux cmonyk xpomy: Al(c), ALLOs(c), AlFs(c), Alls(c), AIN(c), Cr(c),
Cry(c), Crl(c), Ti(c), Ta in. Bmict razonoaionux crnonyk xpomy: Cr, Cr,, CrO, CrH, CrOH, CrF, CrF,,
CrF;, Crl, Crly, Crl; i iH., a Takox BMiCT KoHAeHCOBaHUX NpoaykTiB: Al(c), Al,O;(c), AlF;(c), All;(c),
AIN(c), Cr(c) 1 in.

B pe3syibraTi TEpMOAMHAMIYHOTO PO3PaxyHKY PiBHOBXKHOTO COCTaBY IMPOAYKTIB peakiii
OTPUMAHO KiHEMaTH4YHI CXeMH XiMIYHUX MEPETBOPEHb y AOCIHIIKYBaHUX CHCTeMax. BuzHaueHO KOH-
JIeHCOBaHi Ta ra3onofiOHi cronyku. [lokazaHo, mo B Temneparypaomy inTepBam 700-1600 K Binoy-
BAIOThCA peaKilii 3 BUAUICHHSM KOHJEHCOBaHOI (a3m, aje 0e3 3MiHU YHClIa MOJIEH, IO XapaKTepPHO
JUISL peakiiii po3nany, oOMiHy 3 KOHCTPYKIIMHUM MaTepiajioM, TOOTO BiOYyBaeThCs XiMIUHHMMA TpaHC-
MOPT €IIEMEHTIB.
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