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MODELING THE PROCESS OF COMPLETE COATINGS USING COMPOSITE
BASIC ENVIRONMENTS

The modeling of the process of obtaining complex coatings using composite saturated media
on structural materials and alloys is considered. The laws and mechanisms of the formation of diffu-
sion coatings are investigated. the dependence of the thickness of the coating on the technological pa-
rameters of the process is established. Using the methods of mathematical modeling, optimal composi-
tions of composite saturated media for the application of complex coatings have been developed. The
influence of composition of composite saturated media on the properties of the obtained coatings was
studied. In order to analyze the process of forming chrome plated diffusion coatings using composi-
tional saturated media, the equilibrium state of reaction products was calculated in multi-component
composite systems.

Keywords: chemical transport reactions, composition saturated media, coating, modeling,
corrosion resistance, diffusion, porosity, microhardness.

Posenanymo moodentosanns npoyecy ompumanta KOMNIEKCHUX NOKPUMMIB 3 UKOPUCIAHHAM
KOMAO3UYIIHUX HACUYYIOUUX cepedosuly Ha KOHCMPYKYIHUX mamepianax i cnaasax. Jlocniodceno
3AKOHOMIpHOCMI ma MexaHizmu gopmyeanns Ougysitinux nokpummis. Bcmanosenena 3anesicHicms
MOGWUHYU NOKPUMMIE 610 MEXHOLOSIMHUX napamempis npoyecy. 3 SUKOPUCMAHHAM Memoodie mame-
MAMUYHO20 MOOENI08AHHS PO3PODIEHO ONMUMANbHI CKAAOU KOMNOUYIUHUX HACUYYIOUUX Cepedosulsy
0/15 HAHeCeHHs KOMNJIEKCHUX NoKpummis. Bueueno eniug ckiadie KOMNO3UYItIHUX HACUYYIOUUX cepe-
008Ul HA 8IACUBOCHI OMPUMAHUX HOKPUMMIG. 3 Memow anauizy npoyecy opMysanHs Xpomosa-
HUX OUQY3IHUX NOKPUMMIE 3 SUKOPUCMAHHAM KOMROUYILHUX HACUYVIOUUX Cepedosully 8UKOHAHULL
PO3DAXYHOK PIBHOBAINCHO20 CMAHY NPOOYKMI8 peaxyiti 6 6a2amoKOMNOHEHMHUX KOMROSUYILIHUX CUC-
memax.

Knirouosi cnoea: ximiuni mpancnopmui peaxyii, KOMRO3UYIUHI HACUYYIOUl cepedosulyd, NOK-
pummsi, MOOEIOBAHHS, KOPO3IUHA CIMIUKICMb, OUQY3ist, NOPUCMICMb, MIKPOMEepOiCb.

Problem statement

In connection with the accelerated development of technology, the issues of increasing the re-
liability and durability of parts of machines, appliances, installations, improving their quality and effi-
ciency, and, hence, the issue of metal economy, the fight against corrosion and the wear and tear of
machine parts, became very topical. The solution of these problems is related to the strengthening of
the surface layers of products [1—6]. Their role in the durability of machines and mechanisms has
increased especially at present, as the development of most industries is associated with increased
loads, temperatures, and aggressiveness of the media in which the part operates.

The purpose of this work is to create diffuse coatings made of composite powders based on
chromium and refractory metals with high saturation ability, obtained from unsteady temperature con-
ditions.

Analysis of recent research and publications

Chroming process, as well as boring, is an effective method for increasing the reliability and

durability of machine parts, tools and technological equipment by creating on the surface of machined
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parts chromium-plated layers with a unique complex of physico-chemical properties [7]. The technol-
ogy of chemical-thermal treatment of steels under non-stationary temperature conditions is considered.
It is combined with chemical gas transport reactions [8—11].

You can change the surface properties in the desired direction in different ways. They can be
conventionally divided into two types: 1) applying to the surface of a new material with the necessary
properties; 2) the change in the composition of the surface layer of the metal, which provides the de-
sired change in properties. In the first case, such well-known coatings as galvanic, chemical, etc. are
used. Non-metallic materials — enamel, paint, various synthetic materials — are applied to the surface
of metal alloys.

In the second case, the surface layers of the metal are subjected to diffusion chemical-thermal
treatment (CTT), which results in a new alloy on the surface of the article that differs from the core.
CTT makes it possible to obtain in the surface layer of the product an alloy of practically any composi-
tion and to provide a complex of necessary properties — physical, chemical, mechanical, etc. Among
methods of surface hardening, chromium coatings obtained in various ways are widely used. Chromed
coatings on steels and alloys can significantly increase corrosion resistance, heat resistance, hardness
and durability, and obtain and necessary for their combination. However, all known powder methods
are energy-intensive and long-lasting. In this connection, the development of new composite environ-
ments is saturated, it is an actual development of new technologies that allow to regulate the composi-
tion and structure of coatings, provide the necessary performance characteristics with the minimum
time of their formation.

Materials and methods of research

Chemico-thermal treatment of carbon steels was carried out in an open type reactor in the op-
erating temperature range 950—1050 °C with a duration of isothermal exposure of 30—60 minutes.

The thickness of the reinforced layers was investigated by light microscope "Neophot-21" and
"Neophot-32" at an increase of x150 — x500.

The microstructure was detected by etching in a 3 % alcoholic solution of picric acid (TU
6-09-08-317-80). To identify the boundaries of the ferrite grains, 4 % of the nitric acid alcohol solu-
tion was used [12]. The elemental composition was studied by microscopic analysis using a micro-
analyzer JEOL "Superprob-733". Analysis locality is 1 um2, analysis depth is ~ 1 pm.

The microhardness of the coatings was determined on the PMT-3 device. The corrosion resis-
tance of the coatings samples was estimated in 10 % H,SO, solution at a temperature of 20 °C. Ap-
plied packages of the programs "ASTRA.4" and TERRA [13] were used to calculate the equilibrium
composition of the system products.

In developing the compositions of saturated powder composite media providing high corro-
sion resistance, the methods of mathematical planning of the experiment were used. The choice of the
optimal composition of composite media, saturated, in unsteady temperature conditions was carried
out on the basis of the results of studies on the thermal kinetics of the process and the physical and
mechanical properties of protective coatings (corrosion resistance of the coatings was chosen as the
response functions). Parameters of optimization: Y, — indicators of corrosion resistance, tq. — 25 g,
for system Al — Cr — Si.

Essential material

It is known that the carbon content of the steel results in the structure of the formed coatings
and, accordingly, their operational properties. On high-carbon steels, coatings depend on the condi-
tions of the process, mainly the carbide phase, which corresponds to the composition of the compound
(Cr, Fe) 23C6 and (Cr, Fe) 7C3, and in the diffusion chromiumation using ammonium chloride on the
surface a carbonitride layer is formed, the composition of Fe2 (N, C) and Fe4 (N, C) [14]. On medium
carbonaceous steels, complex coatings with a carbide phase are formed in the main, in which a layer
of a solid solution of chromium in the iron is formed with the inclusions of chromium carbides and a
decarburized zone (a zone with a reduced concentration of chromium and carbon). On low-carbon
steels a coating is formed, it is a solution of chromium in the gland, under which there is a carbon-free
zone [15].
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The choice of the optimal composition of the powder mixture for the SHS processes under the
conditions of combustion was carried out on the basis of studies of the physical and mechanical prop-
erties of protective coatings, such as corrosion resistance, Am; — 10 % H,SOy, Tyoer. = 100 h.; durabil-
ity, AJ; (test on the SMT-1 friction machine, T,..;. — 5 h.); corrosion resistance, Am, — 30 % HCI,
Troer- —100 h. and heat resistance AG1 — tyoe;. = 800 °C, Ty, = 20 h. The experimental experimenta-
tion matrix and the calculated levels of variation intervals for obtaining powder SWF mixtures that
were used in combustion mode are given in Table. 1.

Table 1. Estimated levels, intervals of variance of matrix factors 2°

Factor (%, mac.)
Characteristic XC Si in composition Al B Ti W in composition
Xl X2 X3
Cod
oce 1.4 1 [ 2 [3] 4] 1 [ 273 4
Basic level 80,0 5,0 7,0 | 5,0 | 50 3,0 2,0 | 50 4.0
Variable interval 5,0 2,0 30 (201 20 2,0 1,0 | 2,0 2,0
Upper level (+) 85,0 7,0 |110,0 | 7,0 | 7,0 5,0 30| 7,0 6,0
Lower level (-) 75,0 3,0 40 | 3,0 | 3,0 1,0 1,0 | 3,0 2,0

The numerical values of the regression coefficients and their significance, determined by tak-
ing into account the variance differences for each response function, as well as checking the signific-
ance of the Student's criterion and evaluating the adequacy of the model by Fisher's criterion, are given

in Table 2.

Table 2. Results of regression analysis of experimental data

Parameter Response function
Y, Y, Y3 Y,
Regression coefficients Am; 107 t/m? Ay, 10%r Am,, 107" o/’ AGy, 107 r/m*
b, 9,1350 225,25 11,7862 209,1250
b, - 0,255 - 13,6 -0,2938 - 14,875
b, - 0,105 -9.5 -0,2363 -7,375
b; -0,0675 - 19,5 -0,1987 - 15,375
B, 0 - 1,25 0,0587 1,6250
B3 -0,0275 -3,25 0,1012 -0,3750
b 0,0375 3,25 -0,0263 -2,3750
b3 -0,0175 4,5 0,0787 4,6230
Calculated values of the Cochran
criterion , Gpospax. 0,3419 0,3529 0,3496 0,3403
Table values for the Cochran 0,516 0,516 0,516 0,516
criterion , Gragn
Dispersion of experience Szy 0,0009 16,41 0,0065 12,33
Values of significant coefficients >0,0456 >6,1628 >0,123 >5,3428
Estimated values of Fisher's
criterion, Fpospax. 4,3889 4,1065 5,0434 3,8676
Table values for Fisher's
Criterion , F.,. 19,3 19,3 19,3 19,3
Coefficient of multiple 0,99 0,98 0,97 0,96
correlation
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As a result of the regression analysis, a number of equations were obtained that show the de-
pendence of the physicomechanical properties of protective coatings on the content of silicon, chro-
mium, boron, titanium, and tungsten. Excluding statically non-significant coefficients, the following
equations were obtained:

Y, =9,1350 — 0,255, — 0,105, — 0,0675x3; (1)
Y, = 22525 — 13,5x; — 9,5%; — 19,5x3; 2)
Y; = 11,786 — 0,2938x; — 0,2363x, — 0,1987xs; 3)
Y, =209,125 — 14,875x, — 7,375%, — 15,375xs. (4)

To assess the adequacy of the equations, a calculation was made using the regression equa-
tions obtained. The calculation results were compared with experimental studies. As can be seen from
the table. 3, the error between the calculated and experimental values of the response function does not
exceed 5 %, which indicates the correctness of the calculated model.

Table 3. The ratio of the calculated and experimental data for optimal compositions

Index Estimated values Experimental values Error, %
Am, 8,7075 8,7 0,08613
Al 182,77 186 1,737
Am; 11,0574 11,27 1,886
AG, 171,68 175 1,897

In order to determine the composition of powder SHS — mixtures that were used in the com-
bustion mode, providing optimal physical and mechanical properties, such as wear resistance, corro-
sion resistance, heat resistance, using the obtained regression equations, three-dimensional graphical

dependencies “content of elements — properties” were built. From this it follows that the value of
corrosion resistance and heat resistance is higher, the greater the amount of chromium component,
tungsten, titanium. The best combination of performance characteristics of protective coatings ob-
tained in mixtures containing % wt.: 85,0 XC; 7,0—10,0 Si; 3,0 B; 7,0 Ti; 6,0 W; 5,0 Al.

Analysis of the reactions occurring during unsteady temperature conditions, the results of me-
tallographic studies of the phase composition of the layers made it possible to determine the scheme
for the formation of coatings. The process can be divided into several stages [16]:

1 — inert heating of the reaction mixture to the ignition temperature;

2 — thermal spontaneous combustion;

3 — heating products;

4 — isothermal exposure;

5 — cooling.

Obtaining coatings on non-stationary temperature conditions occurs when neither thermal nor
chemical equilibrium is possible until the process is complete and products are not cooled. The rates of
chemical processes are determined by kinetic regularities depending on temperature and diffuse fac-
tors.

The thermodynamic model of the process is as follows: the initial mixture consists of M sub-
stances, | containing chemical elements. For fixed values of volume and temperature, mk substances
may be formed from these elements as a result of chemical reactions, which are present ink =0.1, ... q
different phases. A set of substances includes | atomic and (m - I) molecular components, the reactions
of which are presented in the form of dissociation equations. The mathematical formulation of the
problem is reduced to minimizing the thermodynamic potential. Studies show that in the temperature
range of 800—1300 K the main compounds in the gas phase are iodides: Cly, AL, Alls, All,, All,
Sily, Sils, Sil,, Sil, Crl,, Crl, Crl; (iodides predominate Ti i Al), and also iodine in atomic and molecu-
lar form.

Conclusions and prospects for further research

1. As a result of the simulation, it was found that the coatings, which are obtained from un-

steady temperature conditions, consist of a diffusion zone.
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2. It has been established that silicide is formed on the surface of steels. (Fe,Al)sSi;, under
which is located oo — a solid solution of titanium, chromium and silicon in iron, columnar structure.
On steels 45 and USA carbide is observed on the surface Cry;Cg i1 Cr;,Cs.

3. The tests of coatings for corrosion resistance showed an increase in this indicator by 1.5—1.7
times as compared with diffusion coatings obtained under isothermal conditions.
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MOAEJIOBAHHHSA NPOLHECY OTPUMAHHSA KOMIVIEKCHUX ITOKPUTTIB
3 BUKOPUCTAHHSAM KOMITO3UIIMHUX HACUYYIOUYNUX CEPEJIOBUII]
Cepena B.I1, Kpyrask L.B., Kpyrask /1.0., Anamuyk C.I., Cepena /1.b.

Pedepar

Mertoro 1iei poboTu € cTBOpeHHS Au]y3iiHUX TOKPUTTIB 3 KOMITO3UIIHHUX MOPOIIKIB HA OC-
HOBI XpOMY 1 TYTOIJIaBKMX METaJiB 3 BUCOKOIO HACHYYIOUOIO 3[aTHICTIO, OTPUMAaHKX 3a HecTalioHap-
HHUX TeMIlepaTypHUX yMoB. Cepea METOZIB MOBEPXHEBOrO 3MILHEHHS HIMPOKE 3aCTOCYBAaHHS 3HAXO-
JIITH XpOMOBAHI ITOKPUTTS, OTPUMaHi pi3HUMH crocobaMu. XpOMOBaHI TIOKPUTTS HA CTAJIAX 1 CTUIaBax
JIO3BOJISIIOTH 3HAYHO MIJIBUIIMTH KOPO3iHHY CTIMKICTB, JKapOCTIHKICTh, TBEPAICTh 1 3HOCOCTIMKICTB,
OoTpUMartH i HeoOXimHi ix moeaHanHs. [IpoTe yci BioMi MOPOIIKOBI METOM €HEPTOEMHI Ta TpuBali. B
3B'S3Ky 3 IIUM pO3po0Ka HOBHUX KOMIIO3HITITHUX CEPEIOBHII, IO HACHUIYIOTh, € aKTYaJIbHOIO pO3p00-
KOIO HOBHX TEXHOJIOTIH, 110 JJO3BOJISIIOTH PETYJIOBATH CKJIAJ 1 CTPYKTYpY TOKPHTTIB, 3a0€31eUyBaTH
HEeoOXi/IHI eKCIUTyaTauiliHi XapaKTepUCTUKU IPU MiHIMaJILHOMY Yaci iX (opMyBaHHS

[Ipu po3poO1i ckiIamiB HACHYYIOYHX MTOPOIIKOBUX KOMITO3UIIIHUX CepeOBHII, 0 3a0e3re-
YYIOTh BUCOKY KOPO3iiiHY CTilKiCTh, BAKOPHUCTAIM METOM MaTeMaTHYHOTO TUIaHYBaHHS eKCIIEpUMEH-
Ty. Bubip onTHManbpHOro CKiaay KOMIIO3ULIMHUX CEPEJOBHIN, IO HACHYYIOTh, 38 HECTAlllOHAPHHUX
TEMIIEPaTypHUX YMOB IMPOBOAMIM Ha MiJACTaBl Pe3yJbTaTiB AOCHIIKEHb TEIJIOBOI KIHETHUKH MPOLECy
Ta (I3UKO-MEXaHIYHUX BJIACTUBOCTEH 3aXHWCHUX IMOKPUTTIB (B SIKOCTI PYHKIIIH BiATYKYy 0OpaHa KOpo-
3iliHa cTiliKicTh MOKpUTTiB). [lapamerpu ontumizanii: Y1 — MoKa3HUKH KOPO3IHHOT CTIKOCTI, Tyoen—
25 1, niua cucremu Al — Cr — Si.

3 METOI0 BHU3HAUEHHS CKIIamiB mopomkoBux CBC-cywmimiei, ki BUKOPUCTOBYBAII B PEKHMI
TOPiHHS, MO 3a0e3MeYylOTh OTPHUMAaHHS ONTUMAalbHHUX (i3WKO-MEXaHIYHUX BIIACTUBOCTEH,: 3HOCO-
CTIHKiCTB, KOPO3iiiHa CTIHKICTh, )KapOCTIHKICTh, 3 BUKOPUCTAHHAM OTPUMAaHUX PErPeciiHUX PiBHSHB,
OyIyBanmy TPUBUMIpHI TpadivHi 3aJIeKHOCTI: «BMICT €IIEMEHTIB — BIACTHBOCTI». 3 I[bOTO BUXOJUTH,
0 3HAYCHHS KOPO3IHHOI CTIMKOCTI 1 KApOCTIHKOCTI TUM BHIIE, UMM OLUTBINE KiTHKOCTI XPOMHCTOI
cKi1afoBoi, Bonb(dpamy, THTany. Halikpaie moeIHaHHS €KCIUTyaTalliiHUX XapaKTEPUCTHK 3aXUCHHUX
MOKPHUTTIB, OTpUMaHi B CyMimiax, mo MicTiate % mac.: 85,0 XC; 7,0—10,0 Si; 3,0 B; 7,0 Ti; 6,0 W;
5,0 Al. TepmomuHaMigHA MOJEIH TIPOIIECY 3BOJAUTHCS IO HACTYITHOTO: TIOYATKOBA CYMII CKIIATAEThCS
3 M pedoBuH, | XiMIYHUX €JIeMEHTIB, 0 MicTATh. [Ipu QikcoBaHMX 3HaAYEHHSX 00'eMy i TeMIepaTrypu
3 OUX €JIEMEHTIB B PEe3yJbTaTi XIMIYHHX PEakliii MOXXYTb YTBOPHUTHCS My PEUOBHH, NMPHCYTHIX B
k=0,1,...q pizaux ¢azax. Habip peuoBuH BKirodae 1 atomapaux i (m — 1) MOIEKyIApHUX KOMIIOHCH-
TiB, peakilii SKUX MpeAcTaBlieH] y ¢popMmi piBHSHB Aucouialii. MaTtematiuuHe (GOpMyITIOBaHHS 3aBIaH-
HS 3BOJIUTHCS JI0 MiHIMi3allii TepMOIUHAMIYHOTO TOTEHITiany. JlOCIiPKeHHs MOKa3yIOTh, IO B Jliara-
30Hi Temneparyp 800—1300 K ocHoBHuMHE 3'emHaHHSAME B ra3oBiil dasi € iomumu Cly, Alyls, All,
All,, All, Sily, Sil;, Sily, Sil, Crl,, Crl, Crl; (mepeBaxarots fiomumu Ti i Al), a Takox o B aTOMapHO-
MY 1 MOJIEKYJIIPHOMY BHJI].

B pesynbraTi MOZEIIOBaHHS BCTAHOBJICHO, 10 IIOKPUTTSL, SIKI OTPUMAaHHI IIPU HECTAL[IOHApPHUX
TeMITepaTypHUX YMOB CKIIaaloThes 3 ANQY3iiiHOT 30HU. . BcTaHOBICHO, 110 HA OBEpXHi cTaneit ¢o-
pmyetbest cuinun (Fe,Al)sSis, mia skum po3TanmoBaHuid o — TBEPIUA PO3YUH TUTAHY, XPOMY 1 KpeM-
Hil0 B 31031, cToBIMYacToi OynoBu. Ha cramax 45 i Y8A Ha moBepxHi cioctepiraetbest kapoig Cry;Ce i
Cr;C;. . IlpoBeneHi BUMIpoOyBaHHS OKPUTTIB Ha KOPO3iiHY CTIMKICTh IMOKAa3aj¥ ITiIBUIICHHS [HOTO
nokasHuka B 1,5—1,7 pa3y B NOpIiBHSHHI 3 TUQY31HHUMH TOKPUTTAMH, OTPUMaHUMH B 130TEPMIYHHX
yMOBax.
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