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OBTAINING CHROME COATINGS ON STRUCTURAL MATERIALS WORKING IN
CONDITIONS OF VULCANIZATION OF NEW HUMOTECHNICAL PRODUCTS

This work investigated the possibility of obtaining protective coatings, under conditions of self-
propagating high-temperature synthesis, on parts of equipment for vulcanizing new rubber products.
Research is focused on finding effective ways to strengthen the working surfaces of conditionally
important elements of equipment operated in aggressive environments, in particular, press tooling.
Given the high requirements for wear and corrosion resistance of such parts, special attention was
paid to the choice of composition and coating process parameters. To achieve this goal, various
composite materials and application methods were used, and a set of studies was conducted to
investigate the properties of the resulting coatings. The results obtained indicate the possibility of
successful application of chrome coatings alloyed with silicon, boron, and aluminum for further
strengthening and protection of vulcanization equipment parts. The conducted research is relevant for
the development of new production technologies and improving the efficiency of operation of press
equipment for vulcanization of rubber products
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Formulation of the problem. Given the rapid development of technology in Ukraine, the
issues of increasing the reliability and durability of machine parts, devices and installations operating
under conditions of vulcanization of rubber products have become so urgent. The role of surface
hardening processes in the durability of machines and mechanisms has become especially important at
the present stage, as the development of machine-building industries is associated with an increase in
loads, temperatures and aggressiveness of the environments in which critical parts operate. An
effective method of increasing the durability of various parts, which changes the chemical
composition, structure and properties of the metal surface layers, is chromium plating using the SHS
method [1-4]. An analysis of the literature shows that there are currently many methods of diffusion
saturation of the steel surface with chromium and other elements, among which the common one is to
perform the saturation process at high temperatures, when the free energy reserve of the system is
large enough for diffusion in the solid phase.

Analysis of recent research and publications. This paper analyzes the latest research and
publications in the field of formation of protective coatings on metal surfaces under hydrocarbon
conditions. In particular, the use of self-propagating high-temperature synthesis (SHS) technology has
made it possible to link the structure of materials formed during combustion to the kinetics of rapid
exothermic reactions. Studies have shown that solid flame in its pure form is a rare phenomenon that
can occur only in systems with a highly developed contact surface of the reactants. Gaseous SHS
coatings have shown better characteristics compared to their analogues, as they have the properties of
the applied material and high adhesive strength. According to research, the amount of gaseous reaction
products increases with increasing temperature, and condensed products can occur in areas of ultra-
high temperatures[5-8].

Obtaining innovative chrome coatings on structural materials operating under conditions of
vulcanization of rubber products has proven to be an urgent task in the context of the rapid
development of technology in Ukraine. Given the increasing loads and aggressive environment in
which critical parts operate, the effectiveness of surface hardening methods has become critical. In
particular, diffusion silicification has proven to be an effective method of increasing the durability of
various parts by changing their chemical composition, structure and properties [9-11].

Based on the analysis of literature sources, it became known that there are many methods of
diffusion saturation of the steel surface with chromium. They include processes that occur at high
temperatures, when the free energy of the system is large enough for diffusion in the solid phase.
Various methods are used to produce chromium-based coatings, such as in the environment of molten
electrolytes, in the gas phase, using powder masses in a neutral or reducing atmosphere.
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According to [1-12], there are many methods for diffusion saturation of the steel surface with
silicon. Their main common aspect is the implementation of the saturation process at high
temperatures, when the free energy of the system is sufficiently large for diffusion to occur in the solid
phase. It has been found that self-propagating high-temperature synthesis (SHS) has made it possible
to relate the structure of materials formed during combustion to the kinetics of fast exothermic
reactions. It is noted in [8] that a solid flame in its pure form is a rare phenomenon and can occur only
in systems with a very developed contact surface of the reactants. The study of gaseous SHS coatings
shows that they have better characteristics than their analogues, as they have the properties of the
applied material and high adhesive strength. It is known that pure rubber is characterized by low
mechanical, thermal, chemical and electrical properties.

Setting objectives. The purpose of this study is to develop and improve technologies for
obtaining protective coatings on metal surfaces using self-propagating high-temperature synthesis
(SHS). The paper investigates in detail the processes of combustion and formation of protective
coatings under SHS conditions, and considers the possibilities of using various components to obtain
improved coating properties. The main goal is to optimize the process parameters in order to achieve
the most effective coating characteristics.

The influence of temperature, isothermal holding time, and component concentration on the
thickness, structure, and properties of the resulting coatings was investigated. The results of the study
allow us to develop recommendations for the improvement and practical application of technologies
for the formation of protective coatings on metal surfaces. The knowledge gained in this work has
significant practical potential and can be used in industrial production to improve the properties of
metal structures and increase their service life.

Presenting main material. The coatings coated in SHS-processes, when accompanying gas-
transport reactions take place, are very peculiar. They consist of a film of the applied product, as in
gas-phase sedimentation (GP), and a wide transition diffusion (gradient) zone, as in diffusion
saturation. As a consequence, gas-transport SHS - coatings have the best features of their counterparts
- they have the properties of the applied material (i.e. they can be much more wear-resistant or heat-
resistant than the base) and high adhesion strength of powders in which the particles of one substance
are covered by a layer of another, which provides a sufficiently large specific contact surface of the
reactants, if, of course, the particles are small enough. Micron sizes in such conditions are satisfactory.
If the particles do not melt, then the interaction between the reactants occurs solid-phase in the regime
of reaction diffusion. Low values of mass transfer constants in the solid phase can be compensated by
a large contact surface. High temperature is an important intensifying factor. The pure solid flame
regime can be realized in the case in which all substances (not only initial and final, but also
intermediate substances) are in the solid state.

Determination of reaction products allows us to model the process of formation of protective
layers under SHS conditions, and on the basis of calculation of adiabatic combustion temperatures of
SHS systems we can solve the heat balance equation of the systems under consideration.

In the work, samples from mass-produced steels 20, steel 45, U8, 40X, 40X16M were used for
coating. As reaction agents, mixtures of powders with a dispersion of 60-250 microns of the following
materials were used: chromium, silicon, boron, aluminum oxide, aluminum, iodine, ammonium
fluoride. In determining the required dispersion of reagents, we were guided by studies that showed
that the maximum transformation completeness is observed when using a reaction mixture with a
fraction of 100-120 microns. The protective coatings on the samples under SHS conditions were
obtained using the developed pilot plant DSTU12, consisting of the following main functional
systems: reaction equipment; system for monitoring and controlling technological parameters; gas
utilization system.

Today, composite materials (rubbers, rubber) based on natural and artificial rubber have
become an integral part of the metallurgical, textile and chemical industries. The use of rubbers makes
it possible to produce structural and tribotechnical products characterized by enhanced damping
properties, high elasticity and corrosion resistance. In addition, the use of rubbers instead of metals
reduces the material consumption of structures and machines, shortens the production time of parts
(even those with complex configurations), and increases corrosion resistance. The pressing was carried
out on a hydraulic vulcanization press 100-400 2E. with plate sizes 400x400 of new elastomeric
materials based on a copolymer of vinyl dl-fluoride and hexopropylene, ethylene-propylene rubber,
containing carbonized fiber from PAN (polyacrylonitrile), stone (granite) flour, aluminosilicate
microspheres as Np. Rubber is a mixture of substances, the main component of which is natural or

© B. Sereda, A. Udod



"[IEPCIIEKTUBHI TEXHOJIOI'II TA IIPHJIAJII . JTyyvk, 2024. Bunyck Ne24 13

artificial rubber. It is known that pure rubber is characterized by low mechanical, thermal, chemical
and electrical properties. Effective fillers for natural and artificial rubbers include clay, carbon black,
modified montmorillonite octadecylamine (organo-MMT), silica (SiO.), aluminosilicate hollow
microspheres (ASM), industrial carbon.

The existence of temperature limits to which the propagation of the combustion front is
possible introduces certain restrictions on the use of the combustion mode as a technological mode. On
the contrary, the thermal autoignition mode is free from these limitations. By diluting the initial
powder mixture with an inert substance up to 85-90% wt. %, it is possible to reduce the maximum
temperature of the process to the technologically necessary temperatures.

The main compounds in the gas phase in the temperature range of 400 - 1600 K are as follows:
SiCl, SiCly, SiCls, SiCly, SiJ2, SiJs, All, AlJ,, AICI, AICl,, CrCly, CrF, CrFa, CrFa, BFs, TiCly, TiCls,
TiCly, as well as iodine in atomic and molecular form.

With increasing temperature, the amount of products in the gaseous phase increases and
condensed products are released. Characteristically, in the temperature range of 400-1600 K the share
of condensed phase decreases, which is associated with the evaporation of the carriers used.
Simultaneously, starting from the temperature of 800 K, the decomposition of reaction products
occurs, which confirms the appearance of decomposition products and a sharp increase in the number
of moles of gas. The gaseous products interact with the elements of the powder system (Al, Si, B, Ti,
W, Cr) and transfer them to the gas phase (appearing SiCl, SiCly, SiCls, SiCly, SiJz, SiJs, AICI, AlICIy,
AlCls, BFs, CrF, CrF,, CrFa, TiCly, TiCls, TiCls, AlJ and others). At temperatures above 800 K, the
fraction of condensed phase practically does not change. This fact suggests that in the temperature
range of 800-1600 K reactions with the release of condensed phase occur, but without changing the
number of moles, which is characteristic of decomposition reactions, disproportionation, or
eCrChange with the substrate, i.e. essentially there is a chemical transport of elements.
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Figure 1 — Dependence of autoignition temperature (t*) and maximum temperature (tm) on CrC
content for the system nCrC + 8Si + 6Al + LA, O3 + 2 NH4C1 + 1J2: 1, 1' - 6% wt., Si; 2,2'-12%
wt., Si and for the system: nCrC + 15SiC + 6 Al +1A1:03 + 2 NH4C1 + 1J,, curves 3, 3', 3"

Aluminum powder, chromium oxide, chromium oxide, aluminum oxide, aluminum oxide,
crystalline silicon, silicon oxide, ammonium chloride, and metallic iodine were used to obtain
chromoaluminosiliconized coatings. To carry out the joint surface saturation of chromium, aluminum,
and silicon, the content of crystalline silicon was selected up to 7% wt%, and the siliceous component
(SiC) up to 20%. As can be seen from the literature [11], at higher silicon content, predominantly
silicification takes place. The dependence of ignition temperature (t*) and maximum temperature (tm)
on CrC is shown in fig. 1. The use of silicon component (curve 3) leads to the occurrence of double
ignition (3', 3"), which is caused by the beginning of the reaction of aluminum reduction by silicon
oxide. The overall temperature rise of the process, when using the silicon component is higher than
using only the chromium component, which indicates the higher thermal characteristics of the mixture.
Optimal compositions of SHS - mixtures for chromoalumosilicification, obtained because of graphical
optimization for the thermal autoignition condition.
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The influence of process temperature and isothermal holding time on the thickness of the
siliconized layer doped with chromium and aluminum. The variation of the layer depth as a function
of temperature and saturation time deviates from the exponential and parabolic law characteristic of
purely diffusion kinetics. This is probably due to the fact that the absolute value of concentrations and
the ratio between the number of diffusion atoms of chromium, aluminum and silicon changes with
increasing temperature, which in turn leads to a change in the limiting concentrations that cause phase
recrystallization, and also changes the diffusion rate of each of the elements.

Powders of aluminum oxide, chromium oxide, crystalline silicon, silicon oxide, silicon oxide,
titanium, aluminum, and crystalline iodine were used to obtain multicomponent chromium-doped
coatings doped with Si, Al B, and Ti. When the surface was saturated with chromium, aluminum and
titanium, the content of crystalline silicon was: 7.5% wt. and SiC 15% wt. At higher silicon content,
predominantly silicification takes place. The dependence of autoignition temperature (t*) and
maximum temperature (tm) on CrC content is shown in Fig. 1. As can be seen, when using SiC, there
is an increase in the maximum temperature and the occurrence of the point of secondary temperature
rise, which is due to the reaction of aluminum reduction by silicon oxide. The optimal amount of gas-
transporting agent: Jz - 2%, NH4ClI - 3%.

Microhardness of multicomponent chromium alloyed layers doped with silicon, aluminum on
technical iron and steel 20 is within 7100 - 8200 MPa, on steel 45 and U8A it reaches 15000 - 16800
MPa, which is associated with the formation of carbide phases of chromium type (Cr,Fe)sCa. The
character of microhardness variation by thickness of protective layers is shown in fig. 2.
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Figure 2 — Variation of microhardness of chrome layers doped with silicon and aluminum as a
function of layer depth: t, = 1000 °C, t, = 60 min.

Conclusions. After analyzing the latest research and publications on chromium plating, the
purpose of this study was to develop and improve methods for protecting metal structures used in the
vulcanization of rubber products using innovative chrome coatings. The main attention was paid to the
study of surface hardening and diffusion saturation processes, in particular the use of self-propagating
high-temperature synthesis. The experimental results showed that the obtained coatings have increased
strength and resistance to aggressive environments, and are able to maintain their properties for a long
time. The research objectives included analyzing the effect of various methods of diffusion saturation
of the steel surface with silicon on the formation of the coating structure and its properties, developing
the optimal composition and process mode, and studying the mechanisms of interaction between the
system components during the formation of the protective layer. We obtained a chromium-alloyed
coating alloyed with silicon, aluminum, titanium, and boron. The aim of the study was to strengthen
the working surfaces of parts operated in aggressive conditions on equipment for vulcanization of
products made of new elastomeric materials based on a copolymer of vinyl develfluoride and
hexopropylene, ethylene-propylene rubber. The surface microhardness of boron-doped
multicomponent chrome layers is 20000-22000 MPa, which is due to the presence of the FeB phase.
The microhardness of the Fe2B alloyed phase is 15000-16000 MPa. The obtained results indicate that
silicon is displaced from the boride zone to the sublayer of the a-phase, alloying only the Fe2B phase.
Based on the results, it can be concluded that chrome coatings are effective in protecting metal
structures under conditions of vulcanization of rubber products. The data obtained provide a basis for
the transition from theoretical calculations to practical applications in industry, ensuring an increase in
the quality and service life of press tooling.
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Bopuc Cepena, Auapiii Yaon
Dnipro State Technical University
OTPUMAHHSI XPOMOBHX ITOKPUTTIB HA KOHCTPYKIIIMHUX MATEPIAJIAX, IO
MPAIIOIOTH B YMOBAX BYJIKAHI3AIIII HOBUX T'YMOTEXHIYHUX BUPOKIB

Y oaniti pobomi docnidocysanacs MoNCIUBICMb OMPUMAHHS 3AXUCHUX NOKPUMINIG, 8 YMOBAX
CAMOPO3NOBCIO0ACYBANLHOSO  GUCOKOMEMNEPAMYPHO20 CUHmMe3Y, HA O0emansix O0OAAOHaHHs 07
BYIKAHI3AYIT HOBUX 2YMOMEXHIYHUX 6upo0is.. J[oCHiONCeHHs CApSAMOSaHe HA NOWYK epeKmueHUX
winaxie  3MiyHeHHa  poOOUUX NOBEPXOHbL  YMOBHO — BANCIUBUX — elleMeHmi8 O00JNAOHAHHA, WO
EKCNILyamylomusCs 8 azpecusHux yMoeax, 30Kkpema, npecoeoi ochacmku. Bpaxosyiouu eucoxi eumozu
00 3HOCOCMITIKOCMI Ma KOPO3IHOI cmitikocmi makux demanei, 0cooauea yeaza npuodiisinacs eubopy
CKIa0y ma napamempieé npoyecy OmMpuManHa noxkpummsa. [[na oOocseHenHs yiei memu 6y10
BUKOPUCMAHO PI3HI KOMNO3UYIUHI Mamepiany ma Memoou HAHeCeHHsl, a MAKONC NPOBEOeHO0 KOMNIEKC
00CTiOdCeHb 3 BUBYEHHSL 8IACMUBOCHE OmMpuManux noxkpummie. Ompumani pe3yromamu ceiouameo
PO MOJNCIUBICHb YCRIWHO20 3ACMOCYBAHHA XPOMOBAHUX NOKPUMMIB, JIe208AHUX KPEMHIEM, OOPOM,
AMIOMIHIEM O NOOANbULO20 3MIYHEHHST ma 3axucmy oOemanell GYIKAHI3AYiliHo20 O001AOHAHHSL.
Ilposedeni Oocniodicents, € aKmyanrbHumMu 01 pPO3POOKU HOBUX MEXHON02I GUPOOHUYmMea ma
RIOBUWEHHS eheKmUSHOCII eKCcnyamayii npecosoi OCHACMKU ONs SYIKAHIZaAYIl 2YMOMEXHIUHUX
8upoobis.

Knrouosi cnosa:. camopo3noscroodicysanvhuil UCOKOMeMNnepamypHull cunmes, Kpemuit, 6op,
XpOM, ROKpUMmS, eacmomepHi Mamepiaiu, 3HOCOCMIUKICMb, MIKPOMEEPOICHb.
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