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TEPMOJUHAMIYHE MOJEJIOBAHHSA OTPUMAHHSA AJIITOBAHUX IIOKPUTTIB
JEITOBAHUX TUTAHOM B YMOBAX CAMOPO3ITIOBCIOJIZKYBAJIBHOI'O
BUCOKOTEMIIEPATYPHOI'O CUHTE3Y

B pobomi pozenanymo mepmoounamiyne MOOeO8AHH OMPUMAHHS ANIMOBAHUX HOKPUMMIE
J1€208AHUX MUMAHOM 8 YMOBAX CAMOPO3NOBCIO0AHCYBANLHO20 BUCOKOMEMNEPAmypHo2o cunmesy. /oc-
JUONHCEHHS MEXAHI3MY (OPMYBANHS 3AXUCHO20 NOKPUMMS HA KOHCMPYKYIUHUX Mamepianax 30IicHIO-
81U, BUKOPUCMOBYIOUU MEMOO MePMOOUHAMIYHO20 AHANIZY MONCTUBUX XIMIYHUX PEaKyitl Midc KOM-
HnOHeHmamu cucmemu. s ybo2o 0y8 8UKOHAHUU PO3PAXYHOK 83AEMOOIL 24308020 HACUYYBAHO20 cepe-
odosuwa, wo ymeopioemucs 6 npoyeci CBC i mamepianom. [na mepmoounamiunozo ananizy CBC-
npoyecy QopmyeanHs arimosanux NOKPUMmie GUKOPUCOBYEMbCS YHIBEPCATbHA NPOSPAMA PO3PAXYH-
Ky bacamoxomnonenmuux cemepocennux cucmem TERRA, cmeopena na ocnogi npoepamu ACTPA-4
nio cepedosuwe WINDOWS i sionpayvosana 015 sucoxomemnepamyprux npoyecie. Ha 6iominy 6io
MPAOUYIUHUX Y XIMIYHIT MePMOOUHAMIYI MemOoOdié PO3PAXYHKIE Napamempisé piHO8AcU 3 BUKOPUC-
mannsam enepeii I ubbca, koncmanm pisHogazu ma 3axkoHy Oitouux mac I'onvobepea i Baze, ynieepca-
JIbHA npozpama mepmoounamivnux pospaxynxie TERRA, 6azyemuvca Ha npunyuni Maxcumymy eHmpo-
nii 015 [30/1bOBAHUX MEPMOOUHAMIYHUX CUCmEM, WO nepedysaloms y cmaHi pigHosazu. Bono xapax-
Mepu3yEMbCsi MAKCUMYMOM €HMPONIi Wooo MepMOOUHAMIUHUX CMYNEHI8 c80000U, 00 AKUX GIOHO-
CcAMbCA KOHYeHmpayii KOMNOHEHMI8 cucmemu, memnepamypa, muck.

Kntouoei cnosa: mooeniosanms, mepmMoOUHaMiKd, CUHmMe3, NOKPUMMSL, ANIOMIHIU, MUMAarn.

The paperr considers thermodynamic modeling of obtaining titanium-doped aluminized
coatings under conditions of self-temperature high temperature synthesis. Following the mechanism
for the formation of a protective coating on structural materials, the method of thermodynamic
analysis of possible chemical reactions between the components of the system was followed. For this
purpose, the calculation of the interaction of the gas saturable medium formed in the process of SHS
and material was performed. For the thermodynamic analysis of the SHS process for the formation of
aluminized coatings, a universal program for calculating multicomponent heterogeneous TERRA
systems, created on the basis of the ASTRA-4 program for the WINDOWS environment, has been
developed for high-temperature processes. Unlike traditional methods in chemical thermodynamics
for calculating equilibrium parameters using Gibbs energy, equilibrium constants and the law of
effective mass of Goldberg and Wage, the universal program of thermodynamic calculations TERRA is
based on the principle of maximum entropy for isolated thermodynamic systems in equilibrium. It is
characterized by the maximum entropy in thermodynamic degrees of freedom, which include the
concentration of system components, temperature, pressure.

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

IHocTanoBka nmpodaeMu

JocmimkeHas MexaHi3My (DOpPMYyBaHHS 3aXHCHOTO TTOKPHUTTS Ha KOHCTPYKIIIMHUX MaTepiaiax
3IIMCHIOBAIM, BHKOPUCTOBYIOUM METOJ TEPMOAMHAMIYHOTO aHANi3y MOXJIMBUX XIMIYHHX peakiiit
MiX KOMIIOHEHTaMH cucTeMH. J[71s 1iboro OyB BUKOHAHUI PO3paxyHOK B3a€EMOJIil ra30BOr0 HACHIYBa-
HOTO CEepeIOBHINA, 10 yTBOpIoeThes B Tiporieci CBC i Marepianom. [ TepMOAMHAMIYHOTO aHATI3y
CBC-nponiecy ¢opMyBaHHS alliTOBaHHX MOKPUTTIB BHUKOPUCTOBYETHCS YHIBepcalibHa Tporpama pos-
paxyHKy 0araTOKOMIIOHEHTHHX TereporeHHux cucreM TERRA, cTBOopeHa Ha OCHOBI MporpaMmu
ACTPA-4 [1—5] mig cepenoBume WINDOWS i BiampanpoBaHa Ij1si BHCOKOTEMITEPATYPHUX IMPOIIe-
ciB. Ha BiaMiHy Bim TpaJWImiHUX y XIMI9HIH TEPMOJMHAMII METOIB PO3pPaxyHKIiB MapaMeTpiB piB-
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HOBAru 3 BUKOPHCTaHHSAM eHeprii ' mo0ca, KOHCTaHT PiBHOBAru Ta 3aKOHY Jitoumx mac ['ompabepra i
Bare, yHiBepcaibHa nporpama TepMoauHaMidHEX po3paxyHkiB TERRA, 6a3zyeThcs Ha IPUHIIMIT MaK-
CUMYyMY €HTpPOMIi JUIsl 130Jb0BAaHUX TEPMOJMHAMIYHHUX CHUCTEM, IO MepeOyBaloTh Y CTaHi PiBHOBArM.
BoHo xapakTepu3yeTbcsi MAKCHMYMOM €HTPOIIT 00 TEPMOAMHAMIYHUX CTYNEHIB CBOOOIH, 10 SIKHX
BiJTHOCSTHLCS KOHIIEHTpAIlli KOMIIOHEHTIB CHCTEMH, TEMIIEPATypa, TUCK.
AHaJIi3 0OCTAHHIX JOCTiMKeHb Ta MyOJiKamii

[Tpu mpotikanni onniel CBC-peaxuii TepMoArHaMiuHHI pO3paxyHOK [6] BenmuunHu agiabaTu-
YHOI TeMIepaTypu B3aeMOJii 7, IPYHTYIOThCSI Ha HACTYyIHOMY JOMYIIEHHI [7]: peakuis MpoTikae mo-
BHICTIO (31 criyTeHeM nepetBopeHHst 100 %) B aniabaTHYHMX yMOBaX, TOOTO TEIUIOTa peakilii mpH mo-
4yaTKoBill Temnepatypi 7, (T, > 298 K) BuTpauaeTscst Ha po3irpiBaHHs 10 7,; 1 MOXJIMBE IUIABICHHS

npoAyKTiB. Po3paxyHOK 3BOAMTBbCA 1O BU3HAUCHHS BEJIMUUHU 7, 3 HENIHIMHOrO PIiBHSAHHA OanaHCy

eHTabIIIi:
Ty
0
AH7, (r)= | AH S5 () + J’ ¢, ()T |= aty (pr)=
r 298
Tad Tm Tad
0
= Z AH298(pr)+(1 _xm) Icp(prs )dT+xm Icp(prm)dT +4H,, (prm)+ J-cp(prm )dT , (D)
r 298 298 T,
ne AH 398 — CTaHJapTHA EHTAJbIIsI YyTBOPEHHS PEeYOBHUHM (U1 eneMeHTiB AH 898 =0);, 44, u
T,, — TCIUIOTA i TeMIIepaTypa IUIABJICHHS; ¢, — TeILIOEMHICTB; X, — MOJbHA 9aCTKa PO3IUIABY B

IPOLYKTaxX peaKllii; ¢ — peareHt; pr,, — NPOLYKTH pEaKilii; HIDKHI 1HIEKCH S 1 I BITHOCATHCS N0
TBEPIUX PEYOBHH i PO3ILIABY BiIITOBITHO.
Sx BuzaHO 3 Gopmynu (1), BenuunHa 7,; BU3HAYAETHCS PI3ZHULECIO MK TOYAaTKOBOIO CHTAJIBIII-

€10 CUCTEMH 1 ii eHTaNIbIII€I0 B PIBHOBAXXHOMY CTaHi npu T, . IIpoTe Takuii miaxij BipHUN TUTBKH JUIs

MaJIOr0 YMCJia PEareHTIB 1 MOXJIMBUX PEakKIlifi 1 He MiAXOIUTh )i 0araTOKOMIIOHEHTHHX IeTepOreH-
HHUX CHCTEM, B SIKUX MOXKJIMBE OJHOYACHE MPOTIKAHHS JCKIIBKOX KOHKYPYIOUMX peakuiil 3 yTBOpEH-
HSM Pi3HUX MpoayKTiB. KpiM Toro, y dopmyi (1) He BpaxoBY€eTHCS MOKIIMBICTh HEITOBHOTO ITEPETBO-
pEHHS: SIK BIIOMO, YOJIHA PEaKIIisl HE MPOTIKAE IMOBHICTIO — 3aBXIHM BCTAHOBITIOETHCS PiBHOBAra Mix
MPOAYKTaMH 1 peareHTaMu MPH JISsKid KOHIICHTPAIIT 1 TUX 1 IHIIHNX.

Tomy ans GaratodasHuX 0araTOKOMIOHEHTHHX CHCTEM HEOOXiTHO 3aCTOCOBYBATH iHINI Me-
TOAM PO3PaxXyHKy TEpPMOIMHAMIYHOI piBHOBaru. OcraHHiMH pokaMu s TM BHKOPHCTOBYIOTH KOM-
'IOTEepHI porpaMu 3 TepMoanHaMiyHuMu 6azamu ganux (TB]I), siki pyHTYIOTBCS Ha MOIITYKY MiHi-
MyMy eHeprii ['i66ca Gararodasnoi GararokommoneHTHoi cuctemu [8, 9, 10—13]. Ilpu npomy TM
3BOJUTHCS 10 TomryKy B TH/l 3'enHanb, ki MOXKYTh YTBOPHUTHUCS 3 €IIEMEHTIB, 110 BXOIATH 0 CKIamy
MMOYATKOBHX PEUOBHWH, i BU3HAYCHHIO iX KIJBKICHOTO CIiBBIIHOIICHHS, IO BiMITOBiTaE piBHOBa3i 3a
3aganux ymoB. g CBC-npoueciB y 6araTOKOMIOHEHTHUX CUCTeMaX B [HCTUTYTI CTPYKTYypHOI Mak-
pokinetuku i mpodnem matepianoznactBa PAH (ICMAH, m. YopHoromniBka MocKOBCEKOi 0011.) po3-
pobnena crerianizoBana nporpama ICMAH-TEPMO, sika mo3Bodsie nmpoBoautd TM Titbku B amiaba-
tuaHoMy pexkumi [10, 11]. Pozpodnena B MI'TY im. H.E. Baymana yHiBepcansHa nporpama ACTPA-4
BUKOHYE€ TIOIIYK PiBHOBa)KHOTO CKJIay, IO BiAIOBiZa€ yMOBi JOKAIbHOTO MaKCUMyMY €HTpOIIi cHc-
TeMH S 3a HassBHOCTI 0OMEXeHb (yMOBa 30epeKCHHS MacH KOKHOTO €JIEMEHTY 1 TIOBHOI BHYTPIIIIHBO1
eHeprii CUCTeMH) I 3aJaHOT0 MOYAaTKOBOTO CKIaay 1 TepMmoauHamidHoro pexumy [12, 13]. TBJI
nporpaMu ACTPA-4 rpyHTOBaHa Ha IOBIIKOBIH JiTeparypi Mo TEpMOAMHAMILI iHIUBiAyaTbHHUX pe-
yoBHH [14—18] i BKITIOYA€ BEIHMKE YUCIIO HEOPTaHIYHUX 3'€THAHD.

DopMyTIOBAHHA METH JOCTiKeHHS

Mertoro poOOTH € OTpUMaHHS PIBHOMACOBOT'O CKIIy MPOAYKTIB CHCTEMH ISl alliTyBaHHS MPU

TEIUIOBOMY caMo3aliMaHHI B YMOBaX CaMOPO3MOBCIOIKYBAIEHOTO BUCOKOTEMIIEPATYPHOTO CHHTE3Y .
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BukJsax ocHOBHOTO MaTepiairy

[TopomkoBi HacH4yrO9i MUXTH TpH amiTyBaHHI B yMoBax CBC [19—20] MaroTh y cBoeMy
CKJIaJli XPOMHCTY CKIIQJIOBY, QIOMiHIi, ra30TPaHCIIOPTHI aKTUBATOPH, a TAaKOX TUTaH, XpOM Ta
KpPEMHiH.

[TopiBHsIIEHA TEpMOIUHAMIYHA OITiIHKA HACHUEHHS Mi/i Ta30BUM i ITAPOTa30BUM METOIIOM, 3y-
MOBJIIOE JIOIIbHICTh 3aCTOCYBaHHS OJHOTO 3 IIMX METOJIB HACHYCHHS MiJi i 1i CIIaBIB KPEMHIEM,
AITFOMIHIEM, THTAHOM, XPOMOM 1 HiKeJIeM.

PiBrOBaxuwmii cknang CBC-mmXT B peXUMi TEIIOBOTO caMO3aiiMaHHS PO3PaXxOBYBaBCs IS
CUCTEM:

XC+ Al + Si+ ALO; + NHyl + AlFs, )
XC + Al +Ti+ ALO; + NH,I + AlIF;, 3)
XC+ Al +Cr+ A1203 + NH4I + NH4F (4)

JL1st BENMMKOTO MTiara30Hy 3MiHHM BUXITHUX KOMIIOHCHTIB B 3aJICKHOCTI BiJl TEMIIEpaTypH.

B pesynbrari TepMoauHaMi4HOT pO3paXyHKY piIBHOMAcCOBOTO CKIIaly TPOIYKTIB pEaKilii MOX-
Ha 3allpONOHYBaTH HACTYIHY KIHETHUHY CXEMY XIMIiYHUX NEPETBOPEHB B JOCHTIHKYBAaHUX CUCTEMAX:

1. Peakuis ropiaas (XC):

Cr203+2A1 =2Cr+ A1203. (5)
2. Peaxrtii po3namy ra3oTpaHCIIOPTHOTO HOCIS:
AlF;— Al + 3F, (6)
NH4I — NH; + HI, 7
HI—- H+I, (8)
2NH; — N, + 3H,, )]
NH4F — NH; + HF, (10)
HF - H+F. (11)
3. XiMi4Hi TPaHCIIOPTHI peaKuii:

Cr + 2F = CrF,, (12)
Cr + F, = CrF;, (13)
CI'FQ + 1/21:“2 = CTF3, (14)
Al +3/2Cl; = AlICl;, (15)
Al+1 Al (16)
2 Cr + 3 Cl, = 2CrCls(e), (17)
Ti +41 =Til ,, (18)
Ti + 3F < TiF,, (19)
Cr+ Clz > CI'C12 () (20)
Cr+ C12 g CI’C]Q (5K)» (21)
2Al+ 31, = Abl,, (22)
Al + 3] & AlL. (23)

B pesynbrari ropinHs nopomkoBux cymimeid 3 I'TA MoxnuBe yTBopeHHs ra3oBoi (asu, ska
MictuTh crionyku I, Cl, F 3 BXigauMu B Hel XIMIYHUMHU €IeMEHTaMH. 31 30UTBIIECHHSM TEeMIIEpaTypH
CTIOCTEPIracThesl 301IBIIEHHS KUIBKOCTI rajoreHifiB (puc. 1, 2). Lle miaTBepmKye MOXKIUBICTE Iepe-
HECEHHSI JIETYIOUMX €JIEMEHTIB JUI yTBOPEHHS OKPHUTTIB.

3i 30iNbIIEHHSM TEeMIIEpaTypu KUIBKICTh MPOAYKTIB B Tra3omofiOHINA ¢a3i 3pocTae i BHIIS-
IOTBCSI KOHJICHCOBaHI MPOAYKTH. XapakTepHo, mo B obmacti Temmeparyp 700—1600 K gactka koH-
JieHcoBaHO1 (ha3u majae, 110 MOB'A3aHO 3 BUIAPOBYBaHHAM HOCIA. OHOYACHO, MIOYMHAIOYHU 3 TEMIIC-
parypu 800 K, BinOyBaeThcs po3maja MpOAYKTIiB peaxilii, Mo MiATBEP/PKYE MOSBA MPOAYKTIB PO3KIIa-
JTAaHHA 1 pi3Ke 30LIBIICHHAS KITBKOCTI MOJIeH ra3y. ['a30moaioHi IpoayKTH, B3aEMOIIOTE 3 €JIeMEHTaMHU
MOPOIIKOBOI CHCTEMH TIEPEeBOIATH B Ta3oBy (azy. [Ipu Temmneparypax Bume 800 K uactka koHaeHCO-
BaHOI (pa3u MpakTUYHO He 3MiHIOEThCS. Llei dakT mae miacTaBy NpUITyCTUTH, UI0 B TEMIEPATyPHOMY
intepBani 700—1600 K BinOyBaroThcs peakiii 3 BHIUICHHSM KOHIEHCOBaHOI (aszm, ane 6e3 3MiHH
YHUCIIa MOJICH, 110 XapaKTepHO JJIs peakiliid pos3naay, 0OMiHy 3 MiAKIaIKOW, TOOTO Mo CyTi BinOyBa-
€THCS XIMIYHUH TPAHCHIOPT EJIEMEHTIB.
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Puc. 1. BmicT KOHIEHCOBaHMX MPOAYKTIB B pEakTOpi B PEXKHUMI TEIIOBOTO CaMoO3aiMaHHSI
CBC-muxtu 1 cucteMmu: 25% XC + 15% Al + 15% Ti + 40% A1203 +2% NH4 I+ 3A1F3
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Puc. 2. BMicT ra3onoiiOHUX CIOJYK aJTIOMIHIIO B PEAKTOPI B PEKUMI TEIUIOBOTO caMo3aiiMaH-

g1 CBC-muxtu mis cucremu: 25% XC + 15% Al + 15% Ti + 40% A1203 +2% NH,4 I+ 3A1F;

BwicT razononiOHMX CHOMYK alIOMIHIIO B peakTopi B pesKUMI TEIoBoro camosaitmanns CBC-
muxTH 11 cucteMu: 25% XC + 15% Al + 15% Ti + 40% Al,O5; + 2% NHyl + 3AlF;.
B nmianazoni tremmneparyp 700—1600 K e€: AlH, AlH,, AlHs, AlF, AlF,, AlF;, AIHF, AIH,F,
All, All,, All;. Bwmict razononionux cmonyk xpomy: Al(c), Al,Os(c), AlF;(c), Alls(c), AIN(c), Cr(c),
Cry(c), Crl(c), Ti(c). Bmict razomonionux crmonyk tutany: TiOH, TiF, TiF,, TiFs, TiF,, TiOF,, Til,
Til,, Tils, Tils, TiIOF. A Takox BMIiCT KoHIeHCOBaHMX TpoaykTiB: Al(c), Al,Os(c), AlF;(c), Alls(c),

AIN(c), Cr(c), Crx(c), Crl(c), Ti(c).
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B pesynbraTi mpoBeaeHOro NOCHiIKEHHS OTPUMaHi JIETOBaHi aliTOBaHi MOKPHUTTS, IO HaBe-
JieH1 Ha puc. 3.
T TS TR i

o m
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Puc. 3. MiKpoCTpYKTypH JICTOBAaHUX ariTOBAaHUX MOKPHUTTIB B 3aJCKHOCTI BiJl BUIY JETyBaH-
Hsl, HA TEXHIYHOMY 3aii3i oTpumanux mpu t, — 1000 °C, 7,= 60 xB.: @ — Cr (x100); 6 — Ti (x100);
6 — Si (x100).

BuCHOBKH Ta MepcneKTHBH MOAATBIINX A0CTiTKeHb
B pesynbraTi TEpMOAMHAMIYHOTO PO3PaxyHKY pPiBHOMAacoBOI'O CKJIaay MPOAYKTIB peakuil
OTPUMAaHO KiHEMaTH4YHI CXEMH XIMIYHHX NEpPETBOPEHb y AOCIIKYBaHUX CUCTEeMax. BU3HaueHO KOH-
JICHCOBaHI Ta ra3ononioHi cronyku. JJoBeneno, 1o B remneparypHomy intepsani 700—1600 K Bixa-
OyBaloThbcs peakiii 3 BUAIICHHAM KOHIEHCOBaHOI a3y, ane 0e3 3MiHH Yuciia MOJIeH, 10 XapaKTEepPHO
JUTSL PeaKIliii po3maay, oOMiHy 3 KOHCTPYKIIHHAM MartepialioM, TOOTO BiOyBaeThCs XiMIYHUIA TpaHC-
MTOPT €JICMCHTIB.
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THERMODYNAMIC MODELING OF THE PRODUCTION OF TITANIUM DOPED
ALUMINIZED COATINGS UNDER CONDITIONS OF SELF-PROPAGATING
HIGH-TEMPERATURE SYNTHESIS

Sereda B.P., Gaidaenko A.S., Sereda D.B.

The study of the formation of a protective coating on structural materials was carried out using
the method of thermodynamic analysis of possible chemical reactions between the components of the
system. For this purpose, the interaction of the gas saturable medium formed in the process of SHS
and material was calculated. For the thermodynamic analysis of the SHS process for the formation of
aluminized coatings, a universal program for calculating multicomponent heterogeneous TERRA
systems, created on the basis of the ASTRA-4 program for the WINDOWS environment, has been
developed for high-temperature processes. Unlike traditional methods in chemical thermodynamics for
calculating equilibrium parameters using Gibbs energy, equilibrium constants and the law of effective
mass of Goldberg and Vahe, the universal program of thermodynamic calculations TERRA is based
on the principle of maximum entropy for isolated thermodynamic systems in equilibrium. It is
characterized by the maximum entropy in thermodynamic degrees of freedom, which include the
concentration of system components, temperature, pressure.

With increasing temperature, the amount of products in the gaseous phase increases and
condensed products are released. It is characteristic that in the temperature range of 700-1600 K the
fraction of the condensed phase decreases, which is associated with the evaporation of the carrier. At
the same time, starting from a temperature of 800 K, the decomposition of the reaction products
occurs, confirms the appearance of decomposition products and a sharp increase in the number of
moles of gas. Gaseous products interact with the elements of the powder system is transferred to the
gas phase. At temperatures above 800 K, the fraction of the condensed phase remains almost
unchanged. This fact suggests that in the temperature range 700-1600 K reactions occur with the
release of the condensed phase, but without changing the number of moles, which is typical of
decomposition reactions, exchange with the lining, that is, in fact there is a chemical transport of
elements.
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The content of gaseous aluminum compounds in the reactor in the thermal self-ignition mode
of the SHS charge for the system: 25% cholesterol + 15% Al + 15% Ti + 40% Al203 + 2% NHA4I +
3AIF3. In the temperature range of 700-1600 K, there are: AIH, AIH2, AIH3, AlIF, AIF2, AIF3, AIHF,
AIH2F, All, All2, AlI3, etc. The content of gaseous chromium compounds: Al (c), A1203 (c), AIF3 (
¢), AlI3 (¢), AIN (c), Cr (c), Cr2 (c), CrI (¢), Ti (¢), etc. The content of gaseous titanium compounds:
TiOH, TiF, TiF2, TiF3, TiF4 , TiOF2, Til, Til2, Til3, Til4, TiOF, etc. As well as the content of
condensed products: Al (¢), A1203 (c), AIF3 (c), AlI3 (¢), AIN (c), Cr (¢) , Cr2 (c), Crl (¢), Ti (c), etc.

As a result of the thermodynamic calculation of the equilibrium composition of the reaction
products, kinematic schemes of chemical transformations in the systems under study are obtained.
Condensed and gaseous compounds are determined. It was proved that in the temperature range of
700-1600 K reactions occur with the release of the condensed phase, but without changing the number
of moles, which is typical of decomposition reactions, exchange with structural material, that is,
chemical transport of elements occurs.
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