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MODELING AND OPTIMIZATION OF WEAR-RESISTANT COATINGS PRODUCTION
USING ECD TECHNOLOGY

The paper considers the modeling and optimization of the formation of protective layers based
on titanium using ESD technology. As an optimization parameter, the wear resistance index for the
ESD-Ti-AIT system was chosen. The mathematical dependences of the microhardness on the thickness
of the obtained titanium coatings on the composition of the composite powder charge (CPS), which
are described by a fifth-order polynomial, were established. The geometric interpretation in triangles
consisting of basic elements at saturation with titanium was obtained and the following dependences
were established: microhardness of titanium diffusion layers — on the composition of CPS.

Knruoei cnosa: mathematical modeling, wear resistance, ESD technology, temperature, op-
timization, microhardness.

Y pobomi posensnymo moodenosanns ma onmumizayis hopmyeanHs 3aXUCHUX wiapie nHa 06asi
mumany 3 euxopucmaunsam mexuonozii ECD. B saxocmi napamempy onmumizayii 00pano noxasHux
3Hococmitikocmi npu mumanyeanuni oaa cucmemu ECD-Ti-AlT. Bcmanosneno mamemamuuni 3anedic-
HOCMI MIKpOmeepoocmi no mosujuHi OMpUMAHUX MumaHo8ux NOKpummie 6io ckiady cKOMNo3uyii-
H020 nopouikogozo cepedoguwia (KIIC), saxi onucyiomvca noaiHomom n’samozo nopsaoxy. Ompumano
2eOMEMPUUHY THMepNpemayito 8 MpUKymHUKax, Wo CKIaoaiomsvcst 3 OCHOGHUX elleMeHmMi6 npu HACU-
YeHI MUMAHOM MdA BCMAHOBIEHO 3ANeHCHOCI: MIKpOmMeEepoicmb MUmarHosux OuQy3iiHux wapie —
6i0 ckaady KIIC.

Keywords: mamemamuune mooeniosanns, 3nococmivikicmos, mexronoeisi ECD, memnepamypa,
OnmuMizayis, MIKpomeepoicme.

Problem’s Formulation

In mechanical engineering, the durability of parts of machines and mechanisms operating under
conditions of friction and wear is one of the main factors of their durability, which is surface hardness.

Currently, there is a need to improve the physical, mechanical and operational properties of
materials. With an increase in the content of alloying elements, physical and mechanical characteris-
tics: strength, hardness, wear resistance increase, but the probability of brittle fracture increases, and
the cost of the alloyed metal also increases. Currently, this explains the growing interest in coatings.
The need to apply the coating is primarily due to the necessary operational properties. The priority
direction of the development of surface strengthening at the modern level is the development, creation
and implementation of new technologies of chemical and thermal treatment (CTT). After it is carried
out on operational surfaces, diffusion layers of high quality are obtained, which then turn into the main
material, which is positive from the point of view of strength and stability. The idea of creating a dif-
fusion zone with a specific chemical composition on their surface attracts the attention of specialists,
primarily due to its rationality. Mathematical modeling of the production of diffusion coatings solves
the coupled nonlinear two-dimensional problem of the ECD theory (ECD — the energy component of
the diffusion process), which includes the heat transfer equation, reaction kinetics in the ECD wave,
and the problem of the theory of diffusion in a non-stationary thermal field. Calculating the tempera-
ture fields at saturation in the CSM allows you to establish two zones: the heating zone and the ther-
mal self-ignition zone. The planes of the temperature field increase depending on the auto-ignition
temperature and the maximum temperature of the process.

On the basis of technical achievements in the fields of mechanics, metallurgy and informatics,
new saturating environments are being created, which allow to minimize energy costs and increase the
speed of formation of protective coatings with predetermined properties based on mathematical mod-
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eling of the process of saturation of the surface of steels and optimization of CSM, which are consi-
dered in the scientific literature [1—3].
Analysis of recent research and publications

The authors of [4] proposed a CTT scheme, which does not involve sealing the container, eva-
cuating it or filling it with argon, as well as exciting mechanical vibrations of the container and the
product. In addition, a saturating medium is used, which undergoes an exothermic reaction when
heated and ignited. Coal powder was chosen as such a medium, which plays the role of a source of
atomic carbon, a micro-arc-forming medium and has a significant thermal effect during combustion.
In addition, to localize the process of saturation of a given area of the surface of the product, the
processing scheme provides for a minimum ratio of the areas of the electrodes and the product (10:1),
this allows to increase the current density on the area of the processing surface to be saturated by an
order of magnitude. To obtain a uniform depth of the cemented layer, you need to have a strengthen-
ing surface equidistant from the walls of the container, otherwise the areas of the surface located clos-
er to the walls of the container are heated earlier and to a higher temperature and have a greater depth
of the cemented layer. The microarc CTT method has a number of significant advantages compared to
analogues and allows you to form a diffusion layer with a depth comparable to traditional CTT me-
thods within a few minutes. The implementation of this method does not require complex equipment,
which allows creating diffusion layers on large-sized products and localizing strengthening in depth
and geometry within specified limits by changing the shape and size of the counter electrode. The con-
sumption of powder material in this technology can be reduced to a minimum, since, as was shown,
the main saturation process takes place in a small volume of powder directly adjacent to the streng-
thening surface.

The existing CTT methods [7] can be divided into four main groups: saturation in solid, liquid,
gaseous media and in plasma. The peculiarities of each method are determined by the aggregate state
of the saturating medium and the properties of the component substances. In CTT, heating methods of
different nature and speed are used: traditional (slow) furnace heating, intensive (fast) electric heating
(induction, electric contact, etc.), heating with concentrated energy flows (for example, a laser beam).
The selection of the heating mode is carried out taking into account the thermal properties of the satu-
rating material, the configuration of the products and other factors. The entire technological cycle of
CTT in solid and liquid media, in coatings can be carried out in oxidizing and controlled atmospheres
or in a vacuum. In thermal and CTT, controlled atmospheres are used, which are divided into neutral,
protective and special (saturating) atmospheres.

Only traditional saturation processes: nitriding, cementation, nitrocementation, and cyanation
have received wide industrial application. Galvanizing alitizing, boriding, chroming, silicification is
used to a much lesser extent. The most effective anti-corrosion, erosion-resistant, heat-resistant and
other multi-component diffusion layers have not yet found wide industrial application [9]. At the same
time, the future belongs to new and, as a rule, multicomponent diffusion layers. On the one hand, this
is due to the growing shortage of special steels and alloys; in the other — traditional CTT processes
that do not meet the requirements for properties that industry sets for products working in particularly
extreme operating conditions.

Formulation of the purpose of the research

The purpose of the work is the search for effective powder CSMs, which allows the formation
of intermetallic protective layers on structural materials with different carbon content using ECD tech-
nological processes. As an optimizing factor, the surface hardness is adopted, which has a direct pro-
portional effect on the wear resistance in the conditions of friction-sliding and shock-dynamic loading
of parts working in aggressive conditions of metallurgical production. Solving this problem allows to
ensure the durability of equipment in mechanical engineering and metallurgy.

Presenting main material

The wear characteristic I is the change in mass of the sample made of steel 45, on which the
coating was obtained at t,,= 1000 °C i ¢, = 150 min. The choice of the rational composition of the
charge for carrying out the saturation process under conditions of thermal self-ignition is carried out
on the basis of the results of studies of the thermal kinetics of the ECD process, microhardness, resi-
dual stresses and microfragility [10—12].
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Optimization parameters: I1 is the index of wear resistance during titanation for the ECD-Ti-
AIT system. The choice of the main level and intervals of variation is based on the fact that the intro-
duction of ESD, when: titanation is less than 5—9 % by mass. leads to the disruption of the wave of
combustion of thermal self-ignition. Based on the study of changes in characteristic temperatures in
oxide-free composite saturating media, the necessary amount of ECD for the coating formation process
is determined. AL,O; is used as a ballast admixture to obtain a one hundred percent composition of
powder CSM-charges No. 1. The process of formation of protective coatings in the mode of thermal
self-ignition can be conditionally divided into five stages — inert heating of the ECD mixture to the
temperature of self-ignition, thermal self-ignition, heating of parts, isothermal exposure and cooling.

At the initial stage (stage 1), inert heating of the mixture occurs. When a diffusing element, tita-
nium or chromium, is used as a supplier, the formation of a titanium or chromium layer is observed.

At stage 2 — the stage of thermal self-ignition, the self-ignition temperature rises at a rate of
200—400 °C/s to a maximum value. At this stage, along with the formation of active titanium or
chromium atoms, reactions occur for the formation of elemental chromium and their combination with
carriers (fluorine, chlorine and iodine), with the formation of volatile halides. If the activation energy
of the interaction of the elements of the charge with the carrier is less than the activation energy of the
main reduction process, then the formation of volatile halides will proceed quasi-stationary as the
main reaction proceeds. If the self-ignition temperature is lower than the temperature at which the vo-
latile halide begins to form intensively, then for this case, the formation of halides occurs only at the
stage of unsteady temperature growth. When the maximum temperature is reached, which converts the
pyrolysis temperature of chromium diiodide, its rapid decay occurs.

At stage 3 — the stage of heating products, the temperature drops to the process temperature
Tp due to the reception of the released heat by the products. Active atoms begin to diffuse into the
substrate and the carbide phases are alloyed with titanium or chromium. Doped titanium or chromium
phases begin to form.

At stage 4 — the stage of isothermal exposure, a constant diffusion flow of formed active
atoms of chromium, aluminum and titanium is formed. The diffusion layer increases and the chro-
mium aluminized layers are doped with titanium. With an increase in isothermal exposure, an increase
in the layer thickness occurs. The growth of the layer obeys a parabolic law.

At the 5th stage — the stage of cooling, a diffusion layer is formed with a lower intensity due to
a decrease in the diffusion coefficient of titanium and chromium due to a drop in temperature. The layer
consists of two phases: the outer one, which is titanides and chomoalitides, and the inner, carbide phase.

Estimated levels of variation intervals (Tabl. 1), characterize their changes and coding
schemes in a wide range of studied values.

Table 1. Factors for the ECD-Ti—AIT system

Characteristic Factors

ECD %, wt. Ti %, wt. GTA %, wt.
Code X1 Xz X3
Basic level 20 15 5
Variation interval 4 3 2
Lower level 16 12 3
Upper level 24 18 8

The numerical value of the regression coefficients and their significance, determined taking
into account the variance difference for each response function, as well as the significance test by the
Student's test and the assessment of the adequacy of the model by the Fisher test.

As a result of the regression analysis, equations are obtained that show the dependence of the
wear resistance of protective coatings on the mode of thermal self-ignition and the content of alloying
elements: in coded form

I, =75,933 +1,7X; + 0,6X, — 1,9X5-2,1667X,*> — 2,6667X,* + 6,8333X5°— 0,5X, X, + (1)
+ 1,5X:X5 - 0,5X;X; — 3X:X.
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Model adequacy testing shows that they can be used to predict response functions at any factor
values between the upper and lower levels. For this, it is advisable to switch to natural variables using
the translation formula presented in the following form

n o
o XI-X]
i = )
/ A

1

2)
where X ;‘ — coded value of the ith factor of the subject in the j equation; X7 — the natural value of

the i-th factor studied in the j equation; )g — value of the i-th factor of the subject in the j equation at

the basic level; A, — value of the investigated variation interval of the i-th factor.

Coefficients whose absolute value is equal to the confidence interval /Ib or more should be
considered statistically significant. Statistically insignificant coefficients can be excluded from the
models. By replacing the variables X; in equations (1) with the right-hand side of equation (2) and the
subsequent reduction of similar ones, we obtain natural equations characterizing the effects of the
mode of thermal self-ignition and the content of saturating elements on the wear resistance of protec-
tive coatings:

IL=-43,44 + 5,84ECD + 11,39Ti — 10,53GTA — 0,14ECD* — 0,3T+#* )
+1,71GTA’- 0,57 TiGTA.

To assess the adequacy of the equation, a calculation is made based on the obtained regression
equations for the rational mode of thermal autoignition. Calculation results are compared with experi-
mental data. It was established that the error between the calculated and experimental values of the
response function does not exceed 2.5 %.

The response surface (Fig. 1) of the obtained mathematical model is represented by a three-
dimensional graphical dependence.

16

Fig. 1. Effect of ECD and GTA content (% wt.) in CSM-charges Nel on wear resistance (I;)

A rational composition of the CSM charge is recommended: 16% ECD + 18% Ti + 61%
ALO; + 2% NHyl + 3% AlF;, to obtain wear-resistant protective coatings on steel 45.

The distribution of microhardness over the thickness of the titanium diffusion layers upon sa-
turation in CSM Nel (Fig. 2) is: on ductile iron: Hyoo = 8000 MPa, on steel 20: Higp = 9000 MPa (has
the following phases: Fe,Als with TiAl, Cr,Ti inclusions. Next there are phases: FeAl, and a solid so-
lution of titanium, aluminum and chromium in 6-iron.

It was established and experimentally confirmed that the microhardness depends on the thick-
ness of the obtained titanium coatings on the composition of the composite saturating medium, which
is described by a fifth-order polynomial. So when saturated in CSM:

y =—1E-05x" + 0,0025x" — 0,132x> — 2,1731x> + 48,852x + 16437 (Y8) 3)
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y =4E-06x" — 0,0012x"* + 0,1129x> — 4,7712x" + 16,688x + 8266,6 (technical Fe) 4)
y = 4E-06x" — 0,0007x" + 0,0501x> — 3,3135x> + 12,507x + 15492 (steel 45) (5)
y =-2E-06x> + 0,0001x" + 0,0493x> — 4,7052x" +3,6857x+8972,9 (steel 20) (6)
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Fig. 2. Distribution of microhardness by thickness of titanium diffusion layers: U8 steel and
technical iron: 1— CSM Nel; 2 — CSM Ne 2

The geometric interpretation in the triangle consisting of the main elements during titanium
saturation establishes the dependence of the microhardness of the vanadium diffusion layers on steel
45 on the composition of the composite saturating medium. Thus, in system Nel (Fig. 3), it allows to
distinguish three areas of the composition of saturating mixtures, in which the microhardness values
are: 13000—114500 MPa, 15000 MPa i 15000—16500 MPa, which are determined by the following
ratios of the main saturating components; in the first region, (% wt.): 5—16 titanium, 50—90 ECD, in
the second: 25—55 ECD, 20—46 titanium and in the third: 10—40 ECD, 60—90 titanium.

M1
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CSM Nel (1-13000, 2—-14000, 3—14500, 4-15000, 5-16500, 6-16000, 7-15000)

Fig. 3. Microhardness (MPa) of titanium diffusion layers on steel 45 depending on the compo-
sition of the composite saturating medium
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Conclusions
Modeling was carried out to find optimal mixtures of EDP powders to produce intermetallic

wear-resistant protective coatings on technical iron and steels 20, 45, and USA using EDP technology
of high-temperature synthesis. The structures of protective layers and their wear resistance under slid-
ing friction conditions were investigated. The best wear resistance among the considered coatings have
titanium coatings on steels 45, and U8A. It was established and experimentally confirmed that the mi-
crohardness depends on the thickness of the obtained titanium coatings on the composition of the
composite saturating medium, which is described by a fifth-order polynomial.
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MOJIEJIIOBAHHS TA OIITUMIBAIIIAA OTPUMAHHS 3HOCOCTIMKUX
MNOKPUTTIB 3 BUKOPUCTAHHSIM TEXHOJIOI'TI ECD
Kpyrask L.B., Cepena Bb.II.

Pegepar
Y MammHOOyAyBaHHI JOBIOBIYHICTH JeTajeil MaIllMH i MEXaHI3MiB, 10 MPANIOITh B yMOBaX

TEpTs Ta 3HOCY OJHHUM 3 TOJIOBHHX (PAKTOPIB iX JOBrOBIYHOCTI € TBEPAICTD MOBEPXHi.

Ha naHwuii yac BUHMKae HEOOXiMHICTh IMiIBUIICHHS (HI3MKO-MEXaHIYHHMX 1 €KCILTyaTalliiHuX

BJIACTUBOCTEH MatepiamiB. 3i 30UIBLIICHHSAM BMICTY JIETYIOUMX €IEMEHTIB (Di3MKO-MEXaHidHI XapaKTe-
PUCTUKHU: MIIHICTh, TBEPAICTh, 3HOCOCTIMKICT 3pPOCTAIOTh, ajlé HMOBIPHICTh KPHUXKOTO PyWHYBaHHS
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MiABUIIYETHCS, TAKOXK 30UIBLIYETHCS 1 BapTICTh JIETOBAHOTO MeTaly. B maHuil yac, 1e mosicHIoe Bce
3pOCTaloumii iHTepec 10 MOKpUTTiB. HeoOXigHicTh 3aCTOCYBaHHS IOKPHUTTS, TEPLI 3a BCE 0OYMOBIIEHA
HEOOXiTHUMH eKCIUTyaTaliiHUMH BIACTUBOCTAMH. [IpiopUTETHHM HAIpsIMOM PO3BHUTKY 3MILIHEHHS
MOBEPXHI Ha Cy4acHOMY DiBHI € po3poOKa, CTBOPEHHS Ta BIPOBAHKEHHSI HOBHX TEXHOJOTiH XiMiKO-
tepMmiuHod 06poOkm (XTO). Ilicnsa ii mpoBemeHHA Ha EKCIUTyaTaliHHMX IMOBEPXHSAX OTPUMYIOTH
nudy3iiiHi mapu BHUCOKOI SIKOCTI, SIKi Jalli MepeXoAsTh B OCHOBHUH MaTepiaj, IO € TMO3UTHUBHHUM 3
TOYKH 30py MIITHOCTI Ta CTiiKocTi. [nes cTBopeHHs Ha iX moBepxHi AuQy3iliHOT 30HH 13 crienupiaHuM
XIMIYHUM CKJIaJIOM IIpUBEpTaE yBary (axiBLiB, MepeayciM, 3aBAsKM CBOil pamioHadbHOCTI. MaTema-
TUYHE MOJEIIOBAHHS OTPUMAaHHs AU(Y3IMHUX MOKPHUTTIB BHPILIYE CHONYyYeHY HETiHIHHY IBOMIpHY
3agaqy Teopii ECD (ECD — eHeprernuHa ckianoBa augy3iiiHOTrO mporecy), ke BKII0Yae PiBHAHHS
TeI10 nepeHocy, Kineruku peakuii y xsuii ECD Ta 3amauy teopii nudysii B HecTanioHapHOMY TeIJIo-
BoMy moii. Po3paxoBytoun temnepatypHi nons npu HacudeHHi B KHC no3Bosisie BcraHOBUTH /B 30-
HU: 30HU TIPOTPiBaHHS Ta 30HY TEIIOBOro camoszaiimManHs. [lmommHu TemmepaTypHOro mois 30i1b-
LIYIOTBCS B 3aJIEKHOCTI BiJl TEMIIEpaTypy caMo3aiiMaHHs Ta MAKCUMAJIbHOI TeMIIEpaTypy MPOLECY.

Xapakrepuctukoro 3Hocy I cmyKuTh 3MiHa Macu 3pas3Ka, BUTOTOBJIEHOTO 3i craii 45, Ha
SAKOMY OTpHMaHO MOKpHUTTs ipu t, = 1000 °C i ¢, = 150 xB. Bubip paunioHanbHOro ckiamy MHUXTH IS
MPOBENIEHHS MPOLIECY HACHYEHHS B YMOBaX TEIUIOBOI'O CaMoO3aiiMaHHS MPOBOOUTHCS Ha MiACTaBi pe-
3yNIBTaTiB JOCHIKEHb TeruoBoi KineTnkun ECD-mpornecy, MiKpOTBEpOCTi, 3aUILIKOBUX HaNpyXeHb
Ta MIKPOKPUXKOCTI.

VY pe3ynbTati perpeciiHoro aHamizy OTPUMYIOTHCS PIBHSHHS, IO TOKa3yIOTh 3aJeKHICTh 3HO-
COCTIMKOCTI 3aXMCHHUX MOKPHUTTIB BiJl pEKUMY TEIJIOBOTO CaMO3aiiMaHHS Ta BMICTY JETYIOUHX elleMe-
HTiB: B KofoBaHOMY Buai I; =75,933 +1,7X; + 0,6X; — 1,9X5-2,1667X,” - 2,6667X,” + 6,8333X5” —
0,5X:X; + 1,5X,X;5 — 0,5X,X; — 3X,X;. B nHarypansHomy Bumi: dl= —43,44 + 5,84ECD + 11,39Ti —
10,53T'TA - 0,14ECD” - 0,3Ti*+ 1,71TTA*~ 0,57 Til TA.

PexomennoBano parionansauil ckinan KHC-mmxT: 16% ECD + 18% Ti + 61% ALO; + 2%
NH4l + 3% AlF3, ns oTpuMaHHS 3HOCOCTIMKHMX 3aXUCHHUX IMOKPHUTTIB HA cTami 45.

I'eomeTpuuHa iHTepnpeTanis B TPUKYTHUKY, 10 CKIAJAa€THCSI 3 OCHOBHHX €JIEMEHTIB IIPH Ha-
CHYCHHI TUTAHOM, BCTAHOBIIIOE 3aJICKHICTh MIKPOTBEPIOCTI BaHATIEBUX MU(DY3IHHUX IIapiB HA CTai
45 Bin cKkIaay KOMIIO3HIIIHHOTO HACHUYYIOUOTo cepenoBuiia. B cucremi Ne 1 BoHa 103BOMNSE BUAUTUTH
Tpu 00JIACTI CKJIaly HACHUYIOUMX CyMilllel, B SIKUX 3HA4YEHHS MiKpOTBEpIOCTi CTaHOBIATH: 13000—
114500 MIIa, 15000 MIIa i 15000—16500 MIla, siki 3a7at0ThCsI HACTYITHUMH CITiBBiTHOIICHHSIMH
OCHOBHHX HACHUYyIOUMX KOMITOHEHTIB; B mepuiii obnacti, (% mac.): 5—16 tutany, 50—90 ECD, y
npyriit: 25—55 ECD, 20—46 tutany iy tperiii: 10—40 ECD, 60—90 tutany.
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