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MODELING OF DIFFUSION COATINGS STRUCTURE WITH VANADIUM
AND TUNGSTEN IN COMPOSITION-FILLING ENVIRONMENTS

The process of modeling the production of vanadium and tungsten coatings is an effective me-
thod of increasing the reliability and durability of machine parts, tools by creating protective layers
on the surface of the workpiece, which have a unique set of physico-chemical properties.

One of the most effective methods of developing protective layers having high mechanical,
physical and chemical characteristics is the diffusion saturation of the surface of the layers using
composite powder materials.

The formation of protective coatings in composite saturation media occurs under non-
Stationary temperature conditions. The method of diffusion saturation of the solid phase surface in the
active gas medium is based on the analysis of the requirements for the diffusion layer and the method
of metal saturation is selected. The rates of chemical processes are determined by kinetic regularities
that depend on both temperature and diffusion factors. This method provides high surface quality, is
the simplest and most used in laboratory practice, reproduces well in production conditions, and does
not require special sophisticated equipment to implement it.

Keywords: composite powder materials, diffusion, modeling; coatings; tungsten, vanadium.

Ilpoyec moOentogants OMpUMAHHS 8AHAOIEGUX MA BOTLHPAMOBUX NOKPUMMIE € eheKMUBHUM
MemoooM NiOBUWeHH HAOIUHOCMI ma 0068208iYHOCMI Oemanell MAWUH, IHCMPYMEHMI8 34 PAXyHOK
CMBOPEHHS 3aXUCHUX WAPI8 HA NOBEPXHI 0OPOONIIOBaHUX demaiell, AKi Marms VHIKATbHUL HAOIp ¢hi-
SUKO-XIMIYHUX 671ACMUEOCMELL.

OonuMm 3 HAUOIILW egheKMUBHUX MemOOi6 PO3POOKU 3AXUCHUX WUAPIB, U0 80100iI0Mb BUCOKU-
MU MEXAHIYHUMY, DI3UYHUMU MA XIMIYHUMU XAPAKMEPUCTRIUKAMU, € OUDY3iliHe HACUYEHHS NOBEPXHI
wapis i3 3acmMocy8aHHIM KOMNOSUYIUHUX NOPOUKOBUX Mamepiais.

DopMy8aHHS 3AXUCHUX HOKPUININIG 8 KOMNOSUYITIHUX HACUUYIOUUX cepedosuiyax 8i00y8acmb-
Csl npU HeCMAayioOHAPHUX meMnepamypHux ymosax. Memoo ougy3iiinozo nacuuenns nogepxui iz meep-
001’ hazu 8 aKMuBHOMY 2a3080My CepedosUUyi NPOBOOUBCS HA OCHOGI AHANIZY BUMOS, WO Nped ass-
ombesi 00 oudy3itiHozo wapy ma 0o6paro cnociod nacuuenHs memany.llleuokocmi npomikauHs Ximiu-
HUX NpOYecie UHAYAIOMbCS KIHEMUYHUMU 3AKOHOMIPHOCTHAMU, 3ANEHCHUMU K 8i0 memnepamypu,
max i 6i0 ouysitnux uunnukie. Llell memoo 3abe3neuye UCOKY AKICMb NOGEPXHI, 6IH € HAUNPOCMI-
wum I HatOibU BUKOPUCIOBYBAHUM Y 1ADOPAMOPHIL npakmuyi, 006pe 8i0MBOPHEMbC Y BUPOOHU-
YUX YMOBAX, i He nompedye cneyianbHO20 CKIAOH020 00AOHAHNA NPU 11020 peanizayii.

Knrouoei cnosa: komnosuyitini nopowikosi mamepianu, oughy3is; MoOe08aHHs, NOKPUMMSL,
sobpam; sanaouil.

Problem’s Formulation

Carbon steels are characterized by a sufficiently low wear resistance, but as a result of chemi-
cal-thermal treatment, the chemical composition and structure of the surface layer is changed, which
significantly affects the performance characteristics of the hardened steel. The surface layer acquires
new properties, sometimes losing some of the properties of the base steel.

Studies of the surface saturation of steels and alloys have shown that the simultaneous doping
of the surface layer with several elements, both from a technological point of view and to enhance
their properties. However, the selection of components and modes of diffusion saturation is, unfortu-
nately, carried out experimentally, based on the results of other researchers and their own intuition.

The formation of protective coatings in composite saturation media occurs under non-
stationary temperature conditions. The changing temperature over time, first due to external warming,
and then due to ignition, leads to the fact that neither thermal nor chemical equilibrium until complete
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completion of the process and the cooling of the products is impossible. The rates of chemical
processes are determined by kinetic regularities that depend on both temperature and diffusion factors.
However, assuming, at least at the stage of warming, that the inhibition of the gas phase diffusion
processes is small and the rate of change of temperature is small, we consider that the equilibrium
composition of the products corresponds to each temperature value in comparison with the rate of gas-
phase chemical reactions.

Then, by calculating the equilibrium composition of the reaction products for a number of
specific temperatures from the range of its change, one can observe the chemical picture of the process
development.

Analysis of recent research and publications

In the article Kukhareva N.G., Galynska N.A., Petrovich S.N. [1] when considering the
process of formation of diffusion layers usually make an attempt to trace this process using diagrams
of the state of the alloys. At the same time, they proceed from the position that has become almost the
rule that the formation of a layer on the isotherm of diffusion follows the increase of the concentration
of the diffusing element in the alloy system and obeys the laws of phase transformations. In this case,
first the phases of the lower composition, then the middle and finally the higher (pure or atomic diffu-
sion theory) should arise [2]. According to another theory (reaction diffusion theory), the formation of
a diffusion layer can begin with the formation of a phase of the highest or medium composition, hav-
ing passed the stage of formation of the phase of the lower composition, if the thermodynamic condi-
tions for the formation of these phases are more favorable than for the phases of the lower composition
[3]. The paper deals with vanadium chromium, tungsten chromium protective diffusion layers ob-
tained under non-stationary temperature conditions. According to the Fe — V — Cr and Fe - W — Cr
diagrams. A variant of the system state diagram was proposed in [4]. Based on the analysis of the gen-
eral nature of the interaction of chemical elements with iron, it was assumed that continuous solubility
— a-solid solution should be observed at high temperatures in the system. When cooled in binary sys-
tems, isomorphic FeCr and FeV phases appear, forming a solid solution a separated from a by the two-
phase domain a + ¢. This structure of the system is confirmed by further studies. An isothermal sec-
tion at 700 °C was studied by X-ray diffraction analysis. The same method investigates a polythermal
section that passes through the FeV and FeCr junction, an isothermal section at room temperature, and
an area of a-phase propagation into the ternary system at different temperatures. Based on thermody-
namic data on dual systems, isothermal sections at 427, 700, and 900 °C were constructed by calcula-
tion, ie at temperatures below and above the stability interval and a-phase (Fig. 1).
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Fig. 1. Isothermal sections of a part of the Fe — V — Cr system at 427 °C (a), 700 °C (b), and
900 °C (c) [4]

Researchers [4] alloys of a system rich in chromium [40% (by weight) W and 55% (by
weight) Cr] by microstructural, X-ray and thermal methods, and also measured microhardness and
hardness.
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The isothermal sections of the system over the entire concentration range at 2000, 1725, 1550,
and 1375 K. were calculated by calculation using data on the binary systems forming this triple. In
Fig. 2 shows isothermal sections at 2000 and 1375 K.
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Fig. 2. Isothermal sections of the Fe —W— Cr system at 2000 and 1375 K [4]

The extensive theoretical and experimental material [5—12], which is based on the application
of precision methods for the study of the phase and chemical compositions of the diffusion layer, con-
vinces us that in many cases the practice of chemical-thermal treatment of the formation of the diffu-
sion layer does not obey the equilibrium condition, intermittent and may begin with the formation of
the phase of higher or middle composition. In this case, the structure of the diffusion layer is not equi-
librium. Among the various factors affecting the mechanism of formation of the diffusion layer with
non-equilibrium structure, the main ones are the initial conditions preceding the process of diffusion of
elements into metal, which directly or indirectly depend on a number of physicochemical and kinetic
saturation factors, especially significant when it comes to a multicomponent system the saturation pre-
sented in this study.

With the emergence of the theory of nonequilibrium systems, it became possible to influence
the structure and properties of diffusion layers by changing the dynamics of the saturation process it-
self. By changing the composition of the saturating medium and the ratio of its components, it is poss-
ible to influence the system and thereby change the kinetics of the diffusion processes.

Formulation of research purpose

The purpose of this work is the physicochemical modeling of the formation of coatings ob-
tained using composite saturating media presenting main material

In diffusion saturation, it is important to transfer the components to the surface through the sa-
turating gas phase. Obtaining protective coatings is carried out under non-stationary temperature con-
ditions, so it is important that chemical transport reactions, the implementation of which due to the gas
transport agent (GTA) in powder mixtures, is associated with the presence of temperature gradients.

According to the work of Yu.M. Lahtin [13] embryos of the a-phase grow in the diffusion di-
rection, forming characteristic column crystals, and as required for their growth, the saturation is
reached at the point of contact of a and y-phases. Sometimes the diffusion layer has a crystallographic
texture. This phenomenon can be observed in boring and alitating, when intermetallic phases are
formed, which allow the predominant diffusion in a certain structurally determined direction.

For diffusion at a temperature #; (below A3) of the element expanding the y-region, first the dif-
fusion proceeds in the a-phase, and then the y-phase is formed. To determine D in the case of reactive
diffusion, the Matano method should be used. An effective diffusion coefficient can also be deter-
mined without having a concentration curve, assuming that the concentration of the diffusing element
within the o and y phases varies linearly. In this case, for the o phase.

Cs+Cay)/2
D= gt fo e, m
where x, — is the width of the area occupied by the a-phase.
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Since phase growth obeys parabolic dependence, the a-phase growth rate will be equal to
x./27. From (1) it can be seen that the greater the D in this phase, the narrower the adjacent two-phase
region, and the wider the phase homogeneity region, the greater the phase growth rate.

Wagner gave a method for calculating D for reactive diffusion over an experimentally deter-
mined thickness of diffusion layers for two cases. In the first case, the two-phase sample is the initial
one (a + y) with concentration Cyand constant concentration on the surface Cs (Cs > Ca,y). The posi-
tion of the boundary of the growing phase is subject to parabolic dependence

x = 2bVD,r,
in which x and t are experienced, and b is determined by the formula

Cs_Ca.Y — \/Ebebzerf(b) = F(b)

Cay—Co
The functions F(b) can be found in a special table. Having determined %, find F(b), and
ay— Lo
b and D,. By known value D, it is possible to calculate the growth rate of a-phase.
In the second case, the initial one (C) serves as a single-phase sample (y). Diffusion is rea-
lized in two phases y and o and is determined by two diffusion coefficients Da and Dy.

As in the previous case, the growth of the diffusion layer proceeds by parabolic law:

x = 2by/Dg,,7, (2)
where D, — a-phase diffusion coefficient; 7 — is the saturation time.
C —-C — Cs_Ca,y _ Ca,y_CO (3)
@y TV mpeblerf(b)  Vmb/peb?eerf(b [p)

where erf(b) =1 —erf(b), ap = %.
Y

Knowing one of the diffusion coefficients, one can determine the other; knowing D, and D,, it
is possible to calculate the a-phase growth rate.
To determine D,, a formula is proposed

D, =

2

— i,V “4)
)

4‘rln(

M1-Cqy

where M, is the mass of the diffusing substance defined by the total area bounded by the concentration
curve and the coordinate axes, and M, is the mass of the diffusing substance determined by the part of
the curve corresponding to the gamma phase.

The optimal composition of the charge for carrying out processes under non-stationary tem-
perature conditions was chosen based on the results of studies of the thermal picture of this process
and the physicomechanical properties of protective coatings, in this case, heat resistance AG, — ¢ =
700 °C, 7=20 h.

When using a silicon component as a supplier of silicon, the following tests of physical and
mechanical properties were carried out: heat resistance, AG — ¢ = 800 °C, 7= 20 h.

Equations (5, 6) describing the effect of silicon, boron, titanium, and tungsten on the heat re-
sistance of protective coatings have the following form:

AG=324,5-6,5XC —2,4W —2,7Si; %)
AG, =251,4-2,825XC - 1,625KpC — 1,725W. (6)

To assess the adequacy of the obtained equations, a calculation was performed using the ob-
tained regression equations. The calculation results were compared with experimental studies. Accord-
ing to the results of the work, the error between the calculated and experimental values of the response
function does not exceed 5%, which indicates the correctness of the calculated model (Fig. 3).

To obtain composite saturating powder charge, a complete factor experiment 2° was con-
ducted, in which the main factors were: energy component, titanium, as well as tungsten and vana-
dium.



60 Marematnune MozemtoBanas Ne 1(42) 2020

790 e, %

3i, %

Fig 3. Optimization of the composition of multicomponent siliconized coatings for the com-
bustion regime, the effect Si, W, Al on the heat resistance AG, (10'4‘g/rn2) att=800°C,t=20h

Obtaining diffusion layers was carried out in the mode of thermal auto-ignition, which will be
realized if the characteristic time of external heating is more than the characteristic time of the reactor
as a whole. In the first stage — the stage of inert warming the main thermal reaction does not proceed.
The charge for the time from 0 to T;warms up to the auto-ignition temperature (#*). 0 to r; warms up to
the auto-ignition temperature (¢ *). The diffusion coating is not yet formed. In stage Il — the stage of
thermal self-ignition, the main exothermic reaction occurs and the temperature rises from ¢* to #,,,x at a
rate of 100—300 deg/s. Over time (z; — o), halides of aluminum, titanium, vanadium, and tungsten
begin to form. In stage III — the temperature drops to the saturation temperature due to the heat ex-
traction by the parts. During the time (7, — 73), the o — phase begins to form. In stage IV, the isother-
mal holding step (73— 74), a protective coating is formed. The duration of this stage determines the dif-
ferent thickness of the diffusion coatings. Unlike stationary modes, the thickness of the coating is
much higher due to the fact that austenite formed by rapid heating under non-stationary temperature
conditions, is characterized by increased dislocation density, fine-grained and fine-grained. As a result,
the process of diffusion saturation proceeds more intensively, as is observed with high-speed electric
heating. In the V stage — (cooling stage — 7s) the coating is formed more slowly due to the tempera-
ture drop. As the cooling rate increases, the total diffusion coating formation time decreases [14—17].

Conclusions and prospects for further research

As a result of physicochemical modeling it is established that the process of obtaining diffu-
sion layers is possible only under the condition of solubility of the diffusing element in the metal and a
sufficiently high temperature that provides the necessary energy to the atoms. The possibility of chem-
ical transport in the combustion wave is based on the fact that in the process of combustion there is a
consistent change of temperature modes and the temperature at each point of the mixture runs a series
of continuous values from T, to Tg. Thus, a non-stationary temperature process combined with chemi-
cal transport reactions can be used to obtain diffusion layers.
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MOJEJIIOBAHHS CTPYKTYPHU ﬂHde3IFIHOFO IHHOKPUTTA 3 BAHAIEM
TA BOJIb®PAMOM B KOMIIO3UIIMHUX HACUYYIOUYUX CEPEJJOBUIIIAX
Kpyrask L.B.

Pedepar

YTBOpEHHSI 3aXMCHUX MTOKPUTTIB B KOMITO3UIIMHUX HACHUYIOUHX CEPEAOBHUINAX BiIOYBAETHCS
B YMOBaX HecTal[ilOHApHUX TeMIlepaTyp. 3MiHa TEMIIEpaTypH CIIOYAaTKy Yepe3 30BHIIIHE HArPiBaHHS, a
MOTIM 4Yepe3 3alajioBaHHs MPU3BOAUTH 0 TOrO, IO Hi TEIUIOBa, Hi XiMiuyHa piBHOBara J0 MOBHOTO
3aBEpIICHHS MPOLECY Ta OXOJOPKECHHS MPOMYKTIB HeMOHBi. [IIBHIKICTh XIMIYHHUX TPOLECIB BU-
3HAYa€ThCA KIHETUYHUMH 3aKOHOMIPHOCTSIMH, SIKi 3aJieXaTh SIK BiJl TEMIEpaTypH, Tak i Bi (akTopis
Tdys3ii.

VY cratTi po3rnsgaoTbes 3axucHi Andys3iiHI apu XpoMy BaHail0, BOJIbPpaMy XpoMmy, OTpH-
MaHi NMpHU HecTaliOHapHUX TEeMIIepaTypHUX yMoBax. Ha OCHOBI aHami3y 3araibHOrO XapakTepy B3ae-
MOJi1 XIMIYHUX EIEMEHTIB 13 3aJli30M Iepeadayanocs, Mo MpH BUCOKIH TeMIepaTypi B CHCTEMI CIi[
crocTepiraTi MOCTiHHY po3unHHICTh. [Ipn oxomomkeHHi y OiHapHUX cucTeMax 3’ sSBISIOTHCS 130MOp-
¢H1 Qa3u, yTBOPIOIOYN TBEPAUH PO3YHH, BiIOKpEMIICHHH Bif qBO(da3HOI 00JIaCTi.

3HaYHUN TEOPETUYHUHN Ta EKCIIEPUMEHTAIBHUN MaTepiasl MepeKoHye, M0 y 0araTboX BHIMAI-
Kax TMpakTHKa XIMIKO-TepMiuHOT OOpOOKHM YTBOpeHHS Au(y3iHOro mapy He MiAMOpsSAKOBYETHCS
YMOBi piBHOBAaru, rnepepuByacTte i MOXK€ MOYMHATHUCS 3 YTBOPEHHS a3y BHUILOrO abo cepeaHbOro
cxiany. Ilpu oMy crpykrypa audysiliHoro mapy He € piBHOBaxKHOI0. Cepes pisHHX (QaKTopiB, 110
BIJIMBAIOTh HA MEXaHi3M YTBOpPEHHs ITU(Y31HHOr0 mapy 3 HEpiBHOBAKHOIO CTPYKTYPOIO, OCHOBHUMH
€ TI0OYaTKOB1 YMOBH, LI0 NEPEenyIOTh Mporecy Augys3ii eeMeHTIB y MeTall, SIKi MPsIMO UM OTMOCEPEIKO-
BaHO 3aJISKATh Bif psAdy (i3UKO-XIMIYHMX Ta KIHETHYHUX (PaKTOPiB HACHUYEHHS , 0OCOOIMBO BaXIIUBO,
KOJTM MOBa iJie po 0araTOKOMIIOHEHTHY CUCTEMY HACHUCHHS.

[Ipu audysiiiHOMYy HAaCHUYEHHI BaKJIMBO MEPEHECTH KOMIIOHEHTH Ha MOBEPXHIO 4epe3 (asy
HacuueHHs razy. OTpuMaHHs 3aXMCHUX OKPUTTIB IPOBOAUTHCS B yMOBaX HECTal[ilOHAPHUX TeMIIepa-
TYPHHX YMOB, TOMY Ba)KJIMBO, II00 XiMiUHi peakiii TpaHCIIOPTY, peai3alis IKUX 3aBJISKH Ta30TpaHC-
MOPTHOMY areHTy B IOPOIIKOBHUX CyMilIax, OyJu MoB'si3aHi 3 HasBHICTIO TEMIIEPaTypHHUX TPaIi€HTIB.

B pesynbraTi i3uKo-XiMIYHOTO MOJIENIOBAHHS BCTAHOBIICHO, IO MPOIEC OTPUMAaHHS AUQY-
31IHHUX MIapiB MOXKIUBHUH JIUIIE 32 YMOBH PO3YMHHOCTI JU(PYHIYIOUOTO €IeMEHTa B METalli Ta J10CUTh
BHCOKOI TeMIIepaTypH, ska 3a0e3rneuye HeoOXiHy eHeprito aromaM. MOXKIUBICTb TPAHCIIOPTYBAaHHS
XIMIYHOT PEYOBHHH B XBUIJII 3TOPSHHS 0a3yeThCsl Ha TOMY, IO B IPOLIEC TOPIHHA BiIOYBaeThCs MOCHTi-
JIOBHA 3MiHa TEMIIEpaTypHUX PEXHUMIB 1 TeMIepaTypa B KOXKHIN TOUI CyMili mpawioe psaj 6esnepep-
BHUX 3HaueHb Big Ty go Tg. Takum uuHOM, 11 oTprMaHHs AUQY3IHUX WapiB MOKe OyTH BHKOPHC-
TaHUH HeCcTalllOHApHUN TeMIIepaTypHUI Mpolec y NOEAHAHH] 3 XIMIYHUMU PEaKIisiMUA TPAHCIIOPTY.
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