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MATHEMATICAL MODELING OF OBTAINING WEAR-RESISTANT COATINGS
USING SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS TECHNOLOGY

The paper considers methods for obtaining chromoaluminized coatings and presents a new
technology for the formation of protective layers on steels under conditions of self-propagating high-
temperature synthesis. With the use of mathematical modeling methods, when obtaining wear-resistant
coatings on machine parts under conditions of self-propagating high-temperature synthesis, optimal
compositions of SHS mixtures have been developed. The study of the wear resistance of chromoalumi-
nized layers on steels 50 and U80A alloyed with boron and silicon allows us to speak about an in-
crease in the wear resistance of machine parts and mechanisms by 2—3 times.
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B pobomi posensnymi memoou ompumantsa XpomMoairimosanux noOKpUmmie ma npeocmasieHd
HOB8A MEXHONO02ISE (POPMYBANHA 3AXUCHUX WAPIE HA CIMANAX 8 YMOBAX BUCOKOPO3NOBCIOONCYBAHO20 BU-
coxomeMnepamypHozo curmesy. I3 3acmocysanHam memooie MamemMamuyHo20 MOOen08aHH s, Npu
OMPUMAHHT 3HOCOCMILIKUX NOKPUMMIE HA 0eMANax MAWUH 8 YMOBAX BUCOKOPO3NOBCIO0MHCYBAHO20 BU-
COKOMeMNEepamypHo20 cunmesy, po3pobieno onmumanvii ckraou CBC cymiweii. Jlocnioocenns 3Ho-
cocmitikocmi xpomoanvimoganux wapis, Ha cmaiusix 50 ma Y8A, necoeanux 6opom ma xpemuiem 0o-
380J15€ 2080PUMU NPO 30LNbUIEHHS 3HOCOCMIUKOCE Oemainell Mauwur ma Mexanizmie y 2—3 pasu.

Knruoei cnosa: mamemamuune mooeniosanns, 3Hococmiukicms, cunmes, CBC-wuxma, mem-

nepamypa.

Problem’s Formulation

The efficiency of the final result depends to a large extent on the correct choice of the surface
hardness of machine parts — their long-term performance at minimal cost. Test algorithms should
form the technology in such a way as to determine what and how should be applied in the technology
of obtaining protective coatings. The technology should provide for a range of different modes of
chemical-thermal treatment, control and diagnostic devices — from manual to automated execution,
with their rational use in the processes of production, testing and operation of machine parts. It should
have a wide range of algorithms and programs that are applied to specific parts, operations and tasks
of improving the wear resistance of steel parts operating under sliding friction conditions. The use of a
new technology for the formation of wear-resistant coatings under the conditions of self-propagating
high-temperature synthesis requires its thorough study and research.

There are many methods for hardening the surface of steels, some of them are used in several
versions. They are divided into two large groups [1]:

— processes of formation of protective coatings, which include: application of electrolytic coat-
ings, galvanization, deposition of coatings from the gas phase by PVD and CVD methods, laser depo-
sition, etc;

— processes associated with the modification of the material of existing surfaces. The most ad-
vanced techniques in this area include surface hardening using laser technology, electron beams, ion
implantation, etc., as well as classical methods of chemical-thermal surface treatment (nitriding, borid-
ing).

Methods for obtaining protective coatings on metal products differ in the technology of coat-
ing, and the main purpose of creation is good adhesion to the substrate, as well as obtaining a conti-
nuous, non-porous and resistant protective layer in this environment. Currently, the main methods of
applying a protective coating are: galvanic precipitation during electrolysis, thermal spraying or metal-
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lization, thermal diffusion saturation in powder, immersion in molten metal, cladding. According to
the type of connection of the protective layer with the substrate, adhesive and diffusion metal coatings
are distinguished.

Surface saturation of steel with aluminum, chromium, zinc and other elements is called diffu-
sion saturation with metals [2]. The product, the surface of which is enriched with these elements, ac-
quires valuable properties, which include high heat resistance, corrosion resistance, increased wear
resistance and hardness.

In this regard, it is important to use technologies that allow obtaining coatings with a limited
or minimal time of their formation. One of such technologies is the method of self-propagating high-
temperature synthesis [3—4].

Analysis of recent research and publications

Many scientists are engaged in the issues of increasing the wear resistance of machine parts.
Recently, the use of chromium-alloyed coatings has become widespread. Chromium aluminizing —
simultaneous or sequential saturation of metals and alloys with chromium and aluminum — is used
mainly to increase wear, heat and corrosion resistance of parts. The main methods of chromoaluminiz-
ing include: solid, vapor phase, gas and liquid. In turn, saturation from the vapor phase is divided into
contact and non-contact, gas — simultaneous and sequential, solid — simultaneous and slip [7—29].

The solid method includes saturation in powder media. This method consists in the fact that
the part on which the coating is created is placed in a container and covered with a powder mixture.
The mixture usually contains: metal or alloy powder, which is the coating itself, an activator, which is
most often used as halogen salts, and a neutral substance, the powder of which is introduced into the
mixture to prevent sintering of the metal component. The peculiarity of the method is that the mixture
contains an activator, and as a result of its interaction with the metal, a gaseous compound is formed.

Alloying of chromoaluminized coatings with titanium, silicon and boron makes it possible to
sharply increase the operational characteristics and, along with high corrosion and heat resistance, to
obtain more universal layers with high surface hardness, scale resistance and corrosion resistance due
to the formation of additional silicon and titanium oxides.

Chromium aluminizing can be carried out in a sequential manner, chrome plated and then
aluminized. Diffusion chromium plating is one of the progressive technological processes of chemical-
thermal treatment, which makes it possible to obtain material with special physical and mechanical
properties and at the same time reduce the cost of expensive and hard-to-machine steels through the
use of more economical carbon steels. With an increase in the aluminum content in the layer, the dif-
fusion rate of chromium increases, and the concentration decreases. The sequential method of iron
saturation makes it possible to obtain a layer with a higher concentration of chromium and aluminum.
Simultaneous saturation in powder mixtures with the use of high-frequency heating sharply accelerates
the process of chromoaluminizing in the absence of a brittle FeAl phase in the surface layer [10—11].

Formulation of the study purpose

The purpose of the work is the search for optimal SHS powder mixtures that allow the forma-
tion of intermetallic protective layers on steel 50 and UBA under conditions of self-propagating high-
temperature synthesis, the study of the structure of protective layers and their wear resistance under
sliding friction.

Presenting main material

In the work, steels 50 and U8A were used for coating. Chemical-thermal treatment was carried
out in an open-type reactor (P = 105 Pa) in the temperature range of 900—1050 °C and the total dura-
tion of isothermal holding up to 60 min. As a saturating medium, a mixture of powders with a disper-
sion of 100—400 pm of the following materials was used:

1. Cr,03 — chromium (111) oxide — a source of chromium in the coating.

2. Al,O; — aluminum oxide (111) — inert additive.

3. Al — aluminum grade ASD1— oxide reducer, source of aluminum in the coating.

4. B — technical boron — a source of boron in the coating.

5. Si — silicon grade Krl — a source of silicon in the coating.

6. I,— metallic iodine — activator of the saturation process.

7. NH,Cl — ammonium chloride — activator of the saturation process.
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In order to find compositions of SHS powder mixtures that provide high wear resistance, a full
factorial experiment was used.

The choice of the optimal composition of the mixture for carrying out SHS processes under
conditions of thermal self-ignition was carried out on the basis of the results of studies of the thermal
picture of the SHS process and the physical and mechanical properties of protective coatings, in par-
ticular wear resistance, AG (test on the SMT-1 thorn machine, t test — 5 h) [5—6, 12].

Optimization options:

Y1 — wear resistance indicators, AG 1, 5h, for system B alloyed with boron;

Y, — wear resistance indicators, AG 1, 5h, for a system alloyed with silicon Si.

The following were chosen as independent variables: the content of the chromium component,
silicon, boron and aluminum in the SHS mixture. Steel 50 was chosen as the starting material. The
process activators are I, and NH4F for all systems.

The calculated levels of variation intervals, the nature of their changes and coding schemes are
presented in Tabl. 1 and 2. The introduction of more than 5 % of the gas transport agent into the mix-
ture leads to a strong etching of the sample surface, less than 1 % does not activate all gas transport
reactions.

To obtain a 100 % composition of SHS powder mixtures, Al,Oz; was used as the final product.

Table 1. Investigated factors for the chromium-aluminum-boron system

Characteristic dakTophl

Al %, wt. B %, wt. XC %, wt.
The code X X5 X3
Main level 10 10 20
Variation interval 5 5 5
Lower level 5 5 15
Upper level 15 15 25

Table 2. Investigated factors for the chromium-aluminum-silicon system

Characteristic DakTopsl

Al %, wt. Si %, wt. XC %, wt.
The code X X5 X3
Main level 10 12 20
Variation interval 5 5 5
Lower level 5 7 15
Upper level 15 17 25

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

As a result of calculations, the following equations were obtained

Y, = 77,444 —0,9X; + 1X, — 3,1X5 — 0,0556 X2 + 3,4444X,° + 1,9444 X% +

0,125X,X, — 0,125X, X5 —1,875X,X5; (1)
Y, = 107,04 — 0,3X; + 3,8X, — 3X5 — 0,0556X,2 + 1,4444X,> + 6,4444 X% +
0,125X,X, — 0,375X; X5 — 1,875X,Xa. (2

The numerical values of the regression coefficients and their significance, determined taking
into account the difference in variances for each response function, as well as the significance test by
the Student's criterion and the evaluation of the adequacy of the model by the Fisher criterion are pre-
sented in Tabl. 3.
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Table 3. Results of regression analysis of experimental data

Parameter Response Function
Y1 Y2
bo 77,444 107,04
by -0,9 -0,3
b, 1 3,8
bs -3,1 -3
b, -0,0556 -0,0556
bs 3,4444 1,4444
bs 1,9444 6,4444
b; 0,125 0,125
bg -0,125 -0,375
bg -1,875 1,875
Ab 2,028 5,58
t-criterion 2,78 2,78
F-criterion 1,51<6,59 5,61<7,70

Checking the adequacy of the models shows that they can be used to predict the values of the

response functions for any values of the factors that are between the upper and lower levels. To do
this, it is advisable to switch to natural variables using the translation formula presented in the follow-
ing form

k J ij
Xij=——— ©)

k Lo . . .
where Xij — coded value of the studied i-th factor in the j-th equation; Xi? — natural value of the

studied i-th factor in the j-th equation; Xij? — value of the studied i-th factor in the j-th equation at the

main level; A, — value of the variation interval of the studied i-th factor.

If we replace the variables X; in equations (1—2) with the right side of equation (3) and then
reduce similar ones, we get natural equations that describe the effects of the thermal self-ignition mode
and the content of alloying elements on the wear resistance of protective coatings:

Y, = 77,444 —0,9Al + 1B — 3,1XC — 0,0556Al > + 3,4444B% + 1,9444XC? +

0,125 AIB - 0,125AIXC -1,875BXC; (4)
Y,=107,04 —0,3 Al + 3,8 Si — 3 XC - 0,0556 Al? + 1,4444 Al + 6,4444 XC 2+
0,125 AISi — 0,375 AIXC - 1,875 SiXC. (5)

To assess the adequacy of the equations, a calculation was carried out using the obtained re-
gression equations for the optimal mode of thermal self-ignition. The calculation results were com-
pared with experimental studies. As can be seen from Tabl. 4, the error between the calculated and
experimental values of the response function does not exceed 5.

Table 4. Ratio of calculated and experimental data

Indicator Calculated value Experimental Error
AG(B) 84,903 85 0,09
AG(Si) 105,4 105 0,4

In order to determine the mode and SHS compositions that provide optimal indicators of wear

resistance of coatings, three-dimensional graphical dependencies were built (Fig. 1—2).
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Fig. 1. Optimization of the wear resistance of the surface layer for the Cr-Al-B system: the ef-
fect of boron and aluminum content on the wear resistance of steel 50 with a protective intermetallic
coating
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Fig. 2. Optimization of the wear resistance of the surface layer for the Cr-Al-Si system: the ef-
fect of boron and chromium content on the wear resistance of steel 50 with a protective intermetallic
coating

Research results and discussion. An analysis of the reactions occurring during the SHS
process, as well as the results of experiments and metallographic studies, made it possible to obtain a
scheme for the formation of protective coatings. 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 SHS
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,
boron or silicon, is used as a supplier, the formation of a borated or siliconized 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 boron and silicon
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
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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 volatile
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 pyro-
lysis temperature of chromium diiodide, silicon, 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 boron and silicon. Doped boride and silicide phases
begin to form.

At stage 4 — the stage of isothermal exposure, a constant diffusion flow of formed active
atoms of chromium, aluminum, silicon and boron is formed. The diffusion layer increases and the
chromium aluminized layers are doped with boron and silicon. With an increase in isothermal expo-
sure, 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 silicon and boron due to a drop in temperature. The layer
consists of two phases: the outer one, which is chromium borides and silicides, and the inner one, the
carbide phase.

Studies have shown that such a high rate of coating formation can be explained by the fact that
austenite formed during high-speed heating due to the stage of self-ignition is characterized by a high
structure defect and fine grain size, which sharply increases its diffusion susceptibility to saturable
elements. Thus, it is possible to control both the layer growth rate and their phase composition and
structure. The main factors influencing the kinetics of the formation of protective layers are the com-
position of the SHS charge, the amount of the chromium component, the time of isothermal holding,
the composition of the treated steel, and the type of SHS process taking place in the combustion mode
or in the thermal self-ignition mode. On fig. 3 shows the microstructures of chromium-alloyed coat-
ings alloyed with boron, titanium and silicon, obtained in the mode of thermal self-ignition in optimal
mixtures. According to the results of a metallographic study, on a Neophot-21 microscope, and X-ray
diffraction analysis, it was found that chromium-alloyed coatings doped with boron, silicon, and tita-
nium contain in their composition, in addition to the main phase (FesAl, (FeCr),3Cq, (FeCr);Cs,
(FeCr)sC, CrsC; Fe,Als, When applying chromium-aluminated layers doped with boron, the coating
consists of single-phase doped layers of the type (FeCrAl),B.
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Fig. 3. Effect of test time on the wear resistance of intermetallic coatings on steel 50 when
tested on a friction machine SMT-1
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When applying chromium-alloyed layers doped with silicon, a layer is formed on the surface
(FeCrAl);C on materials with a high carbon content (steel 50, U8A), carbides are formed (FeCr),3Ces.
The layer is immediately adjacent to a carbon-rich transition zone, which is formed due to counter-
diffusion of carbon, and behind it is a carbon-depleted ferrite zone.

The result obtained correlates with the hardness of the hardened zones. With increasing hard-
ness, wear resistance increases. Hardness was measured on transverse sections on a PMT-3 device,
according to the standard method. With an increase in the carbon content in steels, the microhardness
of the surface layer increases. The microhardness of the surface layer during chromoaluminoboration
is 15000 MPa, and on steel USA 16000 MPa (phases (Fe,Cr,Al),B). With chromoaluminosiliconiza-
tion (Fe,Cr,Al);Si = 13500, and on U8A steel 14500 MPa.

When tested under conditions of sliding friction, chromoaluminoborated coatings have the best
wear resistance among the coatings under consideration. Their wear resistance is 4.8—5 times higher
than that of uncoated samples, chromoaluminosilicated and chromoaluminum-titanized 2.1—3.5
times. As can be seen from Fig. 3, the wear resistance for the considered friction pairs depends on the
microhardness of the layer.

Conclusions

Modeling was carried out to search for optimal SHS powder mixtures to obtain intermetallic
wear-resistant protective coatings on steel 50 and UBA using the technology of self-propagating high-
temperature synthesis. The structures of protective layers and their wear resistance under sliding fric-
tion conditions have been studied. The best wear resistance, among the coatings under consideration,
is chromoaluminoborated coatings. Their wear resistance is 4.8—5 times higher than that of uncoated
samples, chromoaluminosiliconized and chromoaluminum-titanized 2.1—3.5 times
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MATEMATHUYHE MOJEJIOBAHHS OTPUMAHHS 3HOCOCTIMKHX IMOK-
PUTTIB 3 BUKOPUCTAHHAM TEXHOJIOT'TI CAMOPO3IOBCIOI’)KYBAJIb-
HOI'O BUCOKOTEMIIEPATYPHOI'O CUHTE3Y

Cepena B.I1., Kpyrask L.B., Cepena J1.b.

Pedepar

VY poGoTi pO3rISIHYTO CIOCOOM OTPHMAaHHS XPOMOAJTiTOBAaHMUX MOKPHUTTIB Ta MPEACTaBICHO
HOBY TEXHOJOri0 (JOpMYyBaHHS 3aXMCHUX IIApiB Ha CTaJsIX B YMOBaX CaMOpO3IMOBCIODKYBAJILHOTO
BHCOKOTEMIIEPATYPHOI'0 CHHTE3y. 3 BHUKOPHCTaHHSIM METOIIB MaTeMaTHYHOrO MOJENIOBAHHS HpHU
OTpUMaHHi 3HOCOCTIMKHX IMOKPUTTIB Ha JAETAJIAX MAIIMH B yMOBaX CaMOPO3IMOBCIO)KYBAJILHOI'O BHCO-
KOTEMIIEpaTypHOI'0 CUHTE3y po3podieHo ontuManbHi ckiann CBC cymimeid. AnoMiHyBaHHS! XpPOMOM
MOX€E MPOBOIUTHCS MOCTIIOBHO, XPOMYBaTH, a MOTIM aniTyBaTH. Judy3iiiHe XpoMyBaHHS € OIHUM 13
MPOrPECUBHUX TEXHOJOTTYHUX MPOLECIB XIMIKO-TEpPMiYHOI 00pOOKH, IO Ta€ MOXKIIUBICTh OTPUMYBa-
TH Matepian 3 0coOMMBUMH (i3UKO-MEXaHIYHIUMH BIACTHBOCTSAMH 1 BOIHOYAC 3HU3UTH BapTIiCTh 10PO-
T'UX 1 BAXXKOOOPOOIIOBAaHHX CTallell 32 paXyHOK BUKOPUCTaHHsI OUIbI €eKOHOMIYHI BYTJIEIEB1 CTaIi.

Meroro pobotu € nomyk ontuManbaux CBC mopomkoBux cymimieii, mo J03BOSIOTh YTBO-
ploBaTH iHTepMerTaniuHi 3axucHi mapu Ha crtaii 50 Ta Y8A B yMoBax caMopO3MOBCIOKYBaIBEHOTO
BHCOKOTEMIIEPATYPHOI'0 CUHTE3Y, AOCITIIKEHHS CTPYKTYPH 3aXMCHUX IIAapiB Ta X 3HOCOCTIHKOCTI Mix
TEpTsI KOB3aHHSI.

OTpuMaHuil pe3ynbTaT KOPENIIOE 3 TBEPAICTIO 3arapTOBaHUX 30H. 31 301TbIIEHHIM TBEPAOCTI
MiABHIIYETHCS 3HOCOCTIHKICTh. TBEpIiCTh BUMIPIOBAJIN HA MOIEpedHuX 3pizax Ha npuiaai [IMT-3 3a
CTaHJAPTHOIO METOIMKOIO. 31 301/IbIIEHHSIM BMICTY BYTJICLIO B CTAIAX 3POCTAE MIKPOTBEPIICTH MOBE-
pXHeBoro mapy. MikpoTBepIicTh MOBEPXHEBOr0 IIapy npu JeryBaHHi 0opom cranosuts 15000 Mlla,
a Ha ctaii Y8A 16000 MIla (¢a3u (Fe,Cr,Al)2B). IIpu neryBanni kpemniem (Fe,Cr,Al)3Si = 13500, a
Ha crani USA 14500 MITa.

BuB4eHHS 3HOCOCTIHKOCTI XpoMoaliToBaHMX mapiB Ha cTaisax 50 1 Y8 A, nerosanux 6opom i
KPEMHIEM, JI03BOJISIE TOBOPUTH IIPO ITiIBUIIEHHS 3HOCOCTIMKOCTI JieTajell MalliH i MexaHi3MiB y 2—3
pasu.
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