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MODELING OF THE PROCESS OF TITANIUM COATINGS ON DESIGNING
MATERIALS IN POWDERED ENVIRONMENTS

The paper considers the methods of obtaining titanium coatings on structural steels doped
with boron and copper. The technology of formation of protective layers under non-stationary
temperature conditions is presented. The influence of composition and dispersion of reaction charges
on the temperature and kinetic characteristics of the coating formation process is studied.
Investigation of the influence of catalysts additives on the thermophysical properties of the charge and
the process of diffusion saturation in non-stationary temperature conditions. Comparative analysis of
technological parameters of the process, structure, phase, chemical composition and properties of
coatings obtained in the charge without the addition of metal-activators and with them, as well as the
study of wear resistance of layers under conditions of slip friction. Recommended optimal
compositions of saturated charge for strengthening of carbon steels. Recommended optimal
compositions of saturated charge for strengthening of carbon steels with wear-resistant coatings. The
study of wear resistance of the obtained coatings, on carbon steels was conducted.

Keywords: non-stationary temperature conditions, gas transportation technology, gas
transport chemical reactions, diffusion saturation, microhardness, wear resistance.

B pobomi posenanymi memoou OmMpumManHs HA KOHCMPYKYIUHUX CMATAX MUMAHOBUX HNOK-
pummisg, ne2oganux 6opom i mioow. [lpedcmasiena mexnonozis GopmyeanHs 3aXUCHUX WAPI8 Npu
HeCmayioHaprHux memnepamypHux ymogax. ocniodxceno eéniug ckiadig i OUCHepcHOCMIpeaKyitiHux
WUXT HA MeMnepamypHi | KIHeMuyHi Xapakmepucmuxyu npoyecy Qopmyeants nokpummis. Bueuenms
8NIUBY 000ABOK-KAMANIZ3AMOPI6 HA MEenI0QIZUUHI 6IACMUBOCTT WUXMU | NPOMIKAHHS npoyecy Ougy-
3iiH020 HACUYEHHS 8 HECMAYIOHAPHUX meMnepamypHux ymogax. IlopieHsanvHuil ananiz mexuonoeiyHux
napamempie npoyecy, Cmpykmypu, (ha3zo6020, Ximiuno2o ckiady i 1acmueocmeti NOKPUMmis, ompu-
MaHux y wuxmax 6e3 006asox Memanie-akmueamopie i 3 HUMU, d MAKOAHC OOCHIONHCEHHS 3HOCOCMIl-
Kocmi wapie 6 ymogax mepms Kog3anus. Pexomendosani onmumansvhi ckiaou HACUYYIOUUX WUXM 015
3MiYyHeHHs gyenieyedux cmanel. PekomMeno0o8ani ONMUMANbHI CKIAOU HACUYYVIOUUX WUXM OISl 3SMIYHEH-
HS 8y2neyesux cmanell 3HOCOCMIitiKumMu nokpummsamu. Ilposedeno 00cniodxicenHs 3HOCOCMIUKOC
OMPUMAHUX NOKPUININIG, HA 8V2NleyeBUX CIAlsX.

Kniouoei cnosa: necmayionapmi memnepamypui yMosu, 2a30mMpaHcnoOpmua mexHonozis, 2a-
30MPAHCNOPMHI XIMIUHI pearyii, Oughhyziiine HacuueHHs, MIKPOmMEepoicmb, 3HOCOCMIUKICMb.

Formulation of the problem

For surface hardening of products from structural and alloyed steels operating in difficult
operating conditions, various methods of surface modification are widely used. Methods of obtaining
protective coatings on metal products differ in the technology of coating and the main purpose of their
creation is good adhesion to the substrate, as well as to obtain a solid, non-porous and stable protective
layer in this medium. According to the type of connection of the protective layer with the substrate,
adhesion and diffuse metallic coatings are distinguished. One of the most widely used methods of
surface hardening of steels is chemical heat treatment (HTO) [1]. Among such processes, an important
place is occupied by the technology of saturation of the surface layer of steel with boron. The purpose
of this work was a theoretical and experimental study of the physicochemical processes underlying the
production of complex titanium-boride coatings on structural steels under non-stationary temperature
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conditions using the principle of gas-transport chemical reactions [15], the search for optimal powder
blends, allowing to form multi-component protective layers on steels, studying the influence of the
nature of reagents, saturate, the composition of the reaction mixtures, the chemical composition of
steels and parameters of the saturation process (time audio, and temperature) in the composition,
structure and properties of coatings Titanium boride. The study of the effect of catalyst additives on
the thermophysical properties of the charge and the course of the process of diffusion saturation in
non-stationary temperature conditions. Comparative analysis of the technological parameters of the
process, structure, phase, chemical composition and properties of coatings obtained in the mixtures
without additives of activating metals and with them, as well as studies of the wear resistance of layers
under conditions of sliding friction.
Analysis of recent research and publications

Borides of the type of borides have high physical and mechanical characteristics. The
microhardness of the layers reaches 20000—30000 MPa and these values of microhardness can be
maintained up to temperatures of 600—700 °C, which is important for increasing the wear resistance
of products operating at high temperatures. When boring on the surface of steel products, sufficiently
long layers can be obtained, however, due to the different coefficients of thermal expansion of the
layer and base, they are characterized by low adhesion on the substrate and high brittleness of [2].
Most of the known boriruvannya processes are long (4—12:00), labor-intensive, material and energy
costs of [3—10], which leads to an increase in the cost of products.

In addition, prolonged high-temperature isothermal exposure can lead to overheating of steel
products, which significantly impairs the structure and mechanical properties of parts. Therefore, the
intensification of boriruvannya processes, as well as obtaining coatings of the boride type, resistant to
spalling and obtaining specified properties in them, is now an urgent task. One solution to this problem
may be the application of complex multicomponent coatings in non-stationary temperature conditions.
The technology of formation of wear-resistant coatings in non-stationary temperature conditions, is
largely devoid of these disadvantages and allows to obtain coatings with a limited or minimal time of
their formation. Unsteady temperature conditions — a highly intense exothermic interaction of
chemical elements in the condensed phase, capable of spontaneous propagation in the form of a
combustion wave [11—14]. The processing efficiency is determined by the time parameters of the
process and the thermophysical characteristics of the charge. Therefore, it is of interest to look for a
mechanism of action on the course of thermal ignition processes.

Materials and research methods

The object of the study was samples of steel for mass purposes (steel 20, steel 45, US).

Powders with a dispersity of 60—120 microns were used as reactive agents.

Chemical-thermal treatment was carried out in an open-type reactor (P = 105 Pa) in the
working temperature range of 850—1100 °C. The duration of isothermal exposure ranged from 30 to
60 minutes.

The temperature of the charge was controlled by Chromel-alumel and tungsten-rhenium
thermocouples in a protective case placed in the volume of the reaction mixture and connected to a
potentiometer of the KSP series. The thickness of the enhanced layers of the coatings was studied on a
Neophot-21 light microscope with magnification up to x250, 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, a 4 % alcoholic solution of nitric acid was used [16, 19]. For the analysis of the
phase composition of the coatings, an x-ray diffractometer DRON-3M was used. The study of the
elemental composition of the coatings was performed by the method of micro X-ray spectral analysis
using a JEOL "Superprob-733" microanalyzer. Tests for wear resistance were carried out according to
GOST 23.208-79 on the installation of SMT-1. To calculate the equilibrium composition of the system
products, applied software packages "ASTRA.4", TERRA and Rcalc [17] were used. When
developing compositions of powder reactionary mixtures that provide high wear resistance, methods
of mathematical planning of the experiment were used with the implementation of a full factorial
analysis according to plan 2° and fractional factorial experiment 2*".
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The choice of the optimal composition of the mixture for carrying out the processes under
conditions of thermal self-ignition was carried out on the basis of the results of studies of the thermal
pattern of the process and the physicomechanical properties of protective coatings, in particular wear
resistance [10 , 18]. The following were selected as independent variables: the content in the charge of
the chromium component, titanium, boron and aluminum. Steel 45 was chosen as the starting material.

The calculated levels of variation intervals, the nature of their changes and the coding scheme
are presented in Tables 1 and 2. Introduction to the mixture of more than 5 % of the gas transporting
agent leads to a strong etching of the sample surface, less than 1 %, does not activate the flow of all
gas transporting reactions. To obtain one hundred percent powder composition of the charge as the
final product was used AI1203.

Table 1. The factors under study for the titanium-boron system

Factors
Characteristic Quantity B %, m Quantity XC %, m Quantity Ti %, m
Code X 1 Xz X3
Basic level 10 20 20
Variation interval 5 5 5
Lower level 5 15 15
Upper level 15 25 25
Table 2. Investigated factors for the system of titanium-boron-copper
Factors
Quantity B %, Quantity Ti %, | Quantity Cu %, Quantity XC
Characteristic m m m %, m
Code X 1 X2 )(3 X4
Basic level 10 20 8 20
Variation interval 5 5 3 5
Lower level 5 15 5 15
Upper level 15 25 11 25

The result of the experiment should be a mathematical relationship between the characteristics
under study in the form of functional communication:

Y=fx1, X2, X3, ..oy Xp)- @)

As a result of the regression analysis, a number of equations were obtained, showing the
dependence of wear resistance of protective coatings on the mode of thermal self-ignition and the
content of doping elements.

Numerical values of the regression coefficients and their significance, determined by taking
into account the variance differences for each response function, as well as by checking the
significance of the Student's criterion and evaluating the adequacy of the model according to Fisher's
criterion.

In order to evaluate the adequacy of the equations, we calculated the regression equations
obtained for the optimal mode of thermal self-ignition.

The results of the calculations were compared with experimental studies.

From the point of view of thermophysics, the formation of coatings in the mode of thermal
self-ignition can be conditionally divided into five consecutive stages: inert heating of the reaction
mixture to the ignition temperature, thermal spontaneous combustion, heating products, isothermal
exposure, cooling.
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The maximum growth rate of coatings is observed at the initial stages of the process. This is
due to the fact that austenite, formed at a sharp increase in temperature at the stage of thermal self-
ignition, is characterized by a high density of dislocations along the edges of the grains and branched
lines of intergranular boundaries [21—22]. In this regard, his diffuse susceptibility increases.

The composition of the charge, the duration and temperature of the isothermal exposure are
influenced by the thickness of the formed coatings. The phase composition of the zones depends to a
large extent on the diffusive features of the mechanism of the doping elements and the chemical
composition of the substrate.

It is established that under the simultaneous treatment method, the main factor affecting the
thickness of the coating is the concentration of the doping elements in the reaction mixture.

As the concentration of carbon in the substrate increases, the thickness of the coating decreases.

The phase composition of the zones depends to a large extent on the diffusive features of the
mechanism of the doping elements and the chemical composition of the substrate.

In the places of general diffusion of boron and titanium, the diffusion mechanism of coating
formation prevails. The diffusing elements form the phases of introduction or substitution with
formation of carbide, borides and carboxylic phases doped with titanium, chromium and aluminum by
carbonaceous steels. The diffusion of titanium replaces iron with iron and carbon carbohydrates,
increasing their resistance.

The obtained titanium-boride coatings are characterized by needle structure, however, when
coated with titanium, the needle structure is less pronounced, the needles have a rounded shape,
carbide formations acquire a globular shape, thus increasing the plasticity of the coating, thereby
reducing the amount of destructive stress.

The coatings formed have a multiphase structure and consist of TiB2, doped compounds (Fe,
Cr, Al) B, (Fe, Cr, Al) ,B, (Fe, Cr, Al) Ti, and the transition zone of the solid solution B, Ti, Cr, Al in
the iron.

In the investigation of diffuse layers on the PMT-3 device, it was established that the
microhardness of boron compounds with titanium on the surface of technical iron and steel is 30000 +
32000 MPa. The microhardness of the alloyed phases of the borides fluctuates within 14000 +~ 16000
MPa, and the microhardness of the transition zone does not exceed 4500 MPa.

As a result of the tests, the increase in wear resistance of the coatings compared with the
diffuse analogue is determined to be 45—50 %, which is due to the presence of the complex of doped
phases in the coating and explained by the peculiarities of the process. Compared to the control
sample, an increase in wear resistance is observed in 7—=8 times.

Conclusions and perspectives of further research

1. The method makes it possible to obtain qualitative coatings based on titanium on carbon
steels with reduced material and energy costs.

2. Modeling was carried out to find optimal powder blends for obtaining wear-resistant
protective titanium coatings on steels 45 and U8 obtained for non-stationary temperature conditions.
The structures of protective layers and their wear resistance under conditions of sliding friction have
been studied.

3. Titanium-boron steel has improved wear resistance (7,0—8,0 times) compared to uncoated
samples.
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MOI[EJIIOBAH‘I:IH MNPOLECY OTPUMAHHS TUTAHOBUX IIOKPUTTIB HA
KOHCTPYKIHIMHUX MATEPIAJIAX B IIOPOHIKOBUX CEPE/JIOBHUIIAX
Cepena B.I1., Ilanexosa L.B., I'ajlinaenko O.C., Cepena /I.b.

Pedepar

MerToto 11i€l po6oTH OyJI0O TEOPETHYHE 1 EKCHEPUMEHTAIbHE JIOCTIIKEHHS (HI3MKO-XIMIYHUX
NPOILIECiB, IO JIe)KaTh B OCHOBI OTPUMAaHHSI KOMIUICKCHUX TOKPHUTTIB TUTaHO-OOPUAHUX Ha KOHCTPYK-
[IHHUX CTAISIX MPHU HECTalllOHAPHUX TEMIIEpPaTypHUX YMOBaX i3 3aCTOCYBaHHSAM MPHUHIIUITY Ta30TpaH-
CIIOPTHUX XIMIYHUX PEaKIliid, MOMyK ONTHMAJIBFHUAX IMOPOITKOBUX IMUXT, IO JO3BOJIAIOTH (popMyBaTH
0araTOKOMIIOHEHTH1 3aXHCHI IIapy Ha CTaJIAX, BUBYCHHS BIUTUBY MPUPOAH PEAreHTIB, 0 HACHYYIOTh,
CKJIaJly PEeaKIiHUX CyMimei, XiMi9HOTO CKJIay CTaJiell i mapaMeTpiB Mpollecy HaCH4YeHHA (4acy, Te-
MITepaTypH) Ha CKIIaJl, CTPYKTYPY 1 BIACTUBOCTI MMOKPUTTIB TUTAHO-O00pHIHUX. BUBUCHHS BILIMBY 10-
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0aBOK-KaTami3aTopiB Ha TeruI0(i3UYHI BIACTHBOCTI MIMXTH 1 MPOTiKaHHS mpotecy audy3iiHOro HacH-
YeHHS B HECTAIlIOHAPHUX TEMITepaTypHUX yMoBax. [lopiBHSILHUI aHAJI3 TEXHOJOTIYHUX ITapaMeTpiB
MpoIIeCy, CTPYKTYpH, (Ha30BOro, XIMIYHOTO CKJIaay 1 BIaCTUBOCTEH MOKPUTTIB, OTPUMAHMX Y IIMXTal
0e3 100aBOK MeTaniB-aKTHUBATOPIB 1 3 HUMH, a TaK0X JOCIHiIKCHHA 3HOCOCTIHKOCTI IIapiB B yMOBax
TEpPTS KOB3aHHS.

Bubip ontumansHOTO CKiaxy CyMilli JUisi IPOBEICHHS MPOIECIB B YMOBaX TEIUIOBOI'O CaMO-
3aliMaHHs TPOBOAMJIM HA MiICTaBi pe3yibTaTiB MOCITIIKEHb TEMJIOBOI KapTHHU Tpouecy i ¢i3uko-
MEXaHIYHUX BJIACTUBOCTECH 3aXMCHUX IOKPUTTIB, 30KpeMa 3HOCOCTiHKicTh, AG (BUNpoOyBaHHS Ha
MaruHi TepTst CMT-1, Tyocq. — 5 T.)]. B SKOCTI He3aneKHUX 3MIHHUX Oy BHOpaHi: BMICT y IIHAXTI
XPOMUCTOT CKJIaZI0BOi, THTaHy, Oopy 1 airomiHilo. B sikocTi moyatkoBoro marepiany Oyna oOpaHa
cTanb 45.

Po3paxyHKOBIi piBHI iHTEpBaliB BapilOBaHHS, XapaKTep IX 3MiH i CXeMH KOyBaHHS IPECTaB-
neHi B Tabiuusax 1 1 2. BBegeHHs B cymim Oinbine 5 % ra30TpaHCIIOPTHOTO areHTy NMPHU3BOIMTH IO
CHJIHOTO PO3TpaBJICHHsI MOBEPXHi 3pa3ka, MeHIe 1 % He akTUBiI3y€e MPOTiIKaHHS yCiX ra30TpaHCIoOpPT-
HHUX peakuiif. [is oTpuMaHHs CTOBIZICOTKOBOTO CKJIaJy MOPOIIKOBUX IIUXT SIK KIHIIEBOTO MPOIYKTY
BuKopuctoByBaBcs Al,O;

B pesynbTati perpecuBHOrO aHamizy, OyJdu OTpUMaHi psii piBHSIHb, IO MOKa3yIOTh 3aJI€XKHICTh
3HOCOCTIHKOCT] 3aXMCHHUX IMOKPHUTTIB BiJ] PSKUMY TETIOBOI'O CaMO3aiiMaHHS i BMICTY JIETYIOUHX elle-
MEHTIB.

YucenpHi 3Ha4UeHHs KoeilieHTIB perpecii 1 iX 3HAUYIIICTh, BU3HAYCHI 3 ypaXyBaHHSIM BiJMiH-
HOCTI AMCIIEPCiid Ui KOXKHOT (PYHKIIIi BiITYKYy, a TAaKOXK MepeBipKa 3HAYYIIOCTi 3a KpuTepieM CThio-
JIEHTA 1 OIliHKa aJICKBATHOCTI MOJIENI 3a KpuTepieM Dimmepa.

Jlnist OLiHKY aeKBaTHOCTI PiBHSAHB OYB MPOBEICHUH PO3PaxXyHOK 110 OTPUMAHUX PIBHSHHSIX pe-
rpecii Ui ONTUMAaNIbHOTO PEXUMY TEIUIOBOTO caMO3aliMaHHSI.

PesynbraTé po3paxyHkiB OyJv 3iCTaBJIeHI 3 €KCIIEPUMEHTATLHUME JTOCIIKEHHSIMHU.

3 Toukm 30py Temodizuku GOpMyBaHHS MMOKPUTTIB B PEKUMIi TETIOBOTO CaMO3aliMaHHS YMOB-
HO MOKHA PO3IUINTH Ha I'STH MOCTIIOBHUX CTaliii: iHEpTHE MPOrpiBaHHs peakUiifHol cyMili 10 TeM-
nepaTypH 3aiiMaHHS, TEIUIOBE caMo3aliMaHHs, POTrpiBaHHS BUPOOIB, i30TepMiuHa BUTPHMKA, OXOJIO-
JokeHHS. OTpUMaHi TOKPUTTS TUTAHO-OOPHIHI XapaKTEPHU3YIOTHCS TOMTIACTOI0 OYIIOBOO, MIPOTE MPH
CHITFHOMY HAaCHYEHHI 3 THUTAHOM, roJ4acTta CTPYKTypa MEHII BUPaXKCHA, TOJKH MArOTh OKPYTIIILY
¢dopmy, kapOigHi yTBOpEeHHS HAOYBarOTh IMOOYJSIPHOI (POPMH, TAKMUM YMHOM ITiJBUILYIOYH IIaCTHY-
HICTb ITOKPHTTSI, BHACIITOK YOTO 3HIKY€ETHCS BEIMIMHA PYIHIBHOI HAIIPYTH.

ITokpuTTs, 110 YTBOPHIKCS, MaroTh OaraToda3Hy OyIoBY i ckianaerbcsi 3 TiB,, nmeroBaHux
s'eqnanb (Fe, Cr, Al)B, (Fe, Cr, Al),B, (Fe, Cr, Al)Ti, i nepeximuoi 30Hu TBepaoro po3uuny B, Ti, Cr,
Al B 3amisi.

[Ipu mocmimkenHi mudy3iitaux mapiB Ha npmwrani [IMT-3 BcTaHOBIEHO, IO MIKPOTBEPIICTH
3'eJlHaHb OOpY 3 TUTAHOM Ha MOBEPXHI TEXHIYHOTO 3aii3a i craneit ckiaanae 30000+32000 MIla. Mik-
poTBepaicTh JieroBaHux (a3 Oopuay kommBaeThes B Mexax 14000+16000 MIla, a MikpoTBepIicTh
nepeximHoi 30Hu He mepesunrye 4500 MITa.

B pe3ynbraTi BUIpoOyBaHb BCTAHOBJICHO IMiIBUIIICHHS 3HOCOCTIHKOCTI IOKPUTTIB B MOPiBHSIHHI
3 qudy3iitauM ananorom Ha 45—50 %, 110 MOB'SI3aHO 3 MPHUCYTHICTIO B OKPHUTTI CKJIaJHOJIETHPOBA-
HUX (ha3 1 MOACHIOETHCS OCOOIHMBOCTAMH IPOLECy. B MOPIBHSHHI 3 KOHTPOJIBHUM 3pa3KoM CIIOCTEpi-
raeThCs MiABUILECHHS 3HOCOCTIMKOCTI B 7—8 pa3siB.
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