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MATHEMATICAL MODELING FOR IMPROVING THE RELIABILITY
HOT ROLLING MILL 1680 MECHANICAL EQUIPMENT

MATEMATHYHE MOJIEJTIOBAHHS 111010 NIJIBUILIEHHSI HAJIMHOCTI
MEXAHIYHOT' O OBJIAJJTHAHHSI CTAHA TAPSTUOT'O MIPOKATYBAHHS 1680

This research investigates the surface strengthening of critical elements of metallurgical
equipment using functionally active charges under non-stationary temperature conditions, which is
aimed at increasing their operational reliability and service time. The object of research is the kingpin
of the flying shear of a 1680 hot rolling mill, made of 40X steel. The surface of this element was hard-
ened using functionally active chromium-based mixtures alloyed with boron under non-stationary
temperature conditions. Structurally, the flying shear assembly of this type implements a crank-lever
kinematic scheme, in which the pin acts as an axial hinge between the swing lever and the knife hold-
er, ensuring the accuracy and stability of its movement during high-speed cutting. Modeling and ex-
perimental studies have made it possible to determine the influence of the composition of the alloying
components of the functionally active charge on the wear resistance parameters under sliding friction
conditions. Regression dependencies describing the relationship between the concentration of alloying
elements and the tribotechnical characteristics of the hardened layer were obtained, which creates
scientific prerequisites for optimizing the composition of powder mixtures and heat treatment modes
while increasing the durability of hot rolling unit parts.

Keywords: self-propagating high-temperature synthesis, thermodynamic modeling, kingpin,
scissors, protective coatings, wear resistance, mathematical modeling.

Y cmammi docnioaiceno nogepxnese 3miyneHHs GIONOGIOANLHUX eleMeHmie Memanypeitino2o
VCMAMKY8AHHs1, 3 GUKOPUCTIAHHIM (DYHKYIOHATILHO AKMUGHUX WUXM APU HECMAYIOHAPHUX meMnepa-
MYPHUX YMOBAX, SIKE CNPAMOBAHO HA NIOBUWEHHs X eKCnyamayitHoi HadluHocmi ma pecypcy pobo-
mu. Ax 06’ exm 00CniodcenHss 00pano WBOPIiHL NOBOPOMHO20 BANCENS TEMIOYUX HOJICUYb CINAHA 2apsi-
yoi npokamku muny 1680, sucomoenenuil 3i cmani 40X. 3miynenns nosepxui WBOPHs NOBOPOMHO20
saoicenist, 30IUCHIOBANU 13 3ACMOCYBAHHAM (DYHKYIOHAIbHO AKMUGHUX WUXM HA OCHOBL XPOMY, 1e208a-
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HUX OOPOM Npu HECTAYIOHAPHUX MeMNepamypHux ymosax. Koncmpykmueno 6y301 1emmoyux HOMCUYb
Yb020 MUNy peanizye KpUBOUUNHO-8ANCIIbHY KIHEMAMUYHY cXeMy, Y AKill WOPiHb GUKOHYE (DYHKYIIO
0Cb0B020 WAPHIPA MIdC NOBOPOMHUM 6adCeleM | mpumMaieM Hoxcd, 3a6e3neyyiouu MmoyHicms mda
cmabinbHicmy 1020 pyxy nio uac 8UCOKOWBUOKICHO20 pizanns. lIpogedene moodenosanns ma exche-
PUMEHMATbHT OOCTIONCEHHA 00360IUNU GUSHAYUMU BNIIUG CKIADY Ne2YIOUUX KOMHOHEHMIE (YHKYIOHA-
JIbHO-AKMUBHOT WUXINU HA NAPAMempU 3HOCOCMILIKOCMI NPU YMO8AX mepms KO83aHHA. [[0Cni0H#CeHHs.
Ghazo6020 ck1AO0Yy OMPUMAHUX XPOMOBAHUX HOKPUMMIB 1e208aHUX Oopom Ouy3itiHux wapis, 00360-
JIULO BUBHAUUMY, WO HA NOBEPXHI 0OPOONIOEMO20 WBOPHS NOBOPOMHO20 8adcesl, hopMYIOmbCs Ou-
Qysitini wapu, wo maroms y ceoemy cxnadi gaszu (Fe,Cr,Al)2B 3 expannennam FeB, FezAl i ms. pos-
yun B, Cr, Al 6 a-3anizi. Ilpu T 6invwe 800 K monvua wacmra kondencosanoi ¢hazu cmabinizyemocs
HA ROCMIUHOMY PIBHI, Wo 6Ka3ye Ha nepebdie peakyii y inmepeani 800—1600 K 3 ymeopenHsim ukiroy-
HO KOHOEHCOBAHUX NPOOYKMIE 6e3 3MIHU cmeXioMempuyHo2o banancy eazoeoi ¢aszu. Bapiriouu emicm
O0Opy ma amoHIEBUX 2A30MPAHCROPMHUX A2EHMI8 Y NOPOWKOGil wuxmi, popmyiomucs cnoayku (BH,
BH., BHs, BF, BFz, BFs, BHF, BH:F, BI, Bl:, Bls) ma xounoencosani ¢pazu (B(c), A20s(c), BN(c),
AlF;(c), AIN(c), Cr(c)). Ompumano peepeciiini 3anexcHocmi, Wo ORUCYIOMb 83AEMO38 30K MIdC KOH-
YEHMPayiero 1e2y8aibHUX enemMenmie ma mpubomexHiyHUMU XApaKmepucmukamu 3MiyHeHo2o wapy,
WO CMBOPIOE HAYKOBI nepedyMo8U OJis ONMUMIZayii cKiady nOPOUWKOBUX CyMillell i pexcumie mepmo-
00poOKU NPuU NIOGUUEHH] 008208IHHOCTNT Oemanell Y38 2apsauol NPOKAMKU.

Keywords: camoposnoscrooscysanvhuil  8ucokomemnepamyphuil cunmes, mepmoOUHAMIYHE
MOOENOBAHHS, WBOPEHb, HONCUYI, 3AXUCHI NOKPUMMS, 3HOCOCMILUKICHb, MAMeMamuiHe MOOeI08AHHA.

Problem’s Formulation

The research problem consists in identifying key factors that influence the increase in durability
and reliability of machines and mechanisms used in metallurgical production. One of the main prob-
lems is the need to extend the service life of parts that are subjected to intense mechanical and thermal
loads during hot rolling processes, where accelerated wear of surface layers occurs. To minimize these
negative phenomena, surface alloying and functional protective coatings are used to improve the tribo-
logical characteristics of the material and increase its wear resistance [1]. However, despite significant
progress in this area, issues related to the identification of the main factors that determine the effective-
ness of coatings, as well as the optimization of the technological parameters of their application, remain
insufficiently studied. Particular attention should be paid to analyzing the influence of technological
conditions—temperature, pressure, deformation rate, and material composition—on the formation of
the structure and operational characteristics of the hardened layer. Thus, the main objective of the study
is to comprehensively study and systematize the factors that determine the effectiveness of functional
coatings under the conditions of real load on metallurgical equipment components.

Analysis of recent research and publications

An examination of contemporary investigations into functional surface layers and element-
enrichment techniques designed to prolong the operational lifespan of steelmaking machinery reveals
several dominant trajectories and milestones. Over the past decade, extensive experimental efforts
have focused on refining the phase composition and microstructure of these layers to enhance interfa-
cial bonding energy, Vickers microhardness, and resistance to erosive degradation. A particularly effi-
cacious strategy involves doping with refractory metals and metalloids—chromium, silicon, boron—
yielding coatings that exhibit superior tolerance to galling, fretting, and third-body abrasion under the
severe mechanical regimes typical of metallurgical plants.

Substantial emphasis has been placed on elucidating tribokinetic failure modes, enabling pre-
cise identification of variables governing coating longevity. Central to this analysis is the molecular-
kinetic friction paradigm, which elucidates the physicochemical interactions at contacting asperities
and informs strategies for minimizing dissipative energy losses.

Key empirical outcomes include the establishment of critical process windows — thermody-
namic temperature, partial pressure, and precursor flux — that maximize the resultant coating's multi-
functional attributes. Such parameter refinement elevates deposition throughput and elevates the integ-
rity of engineered components. Collectively, this synthesis of recent literature underscores transforma-
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tive advances in protective surface engineering and substrate alloying, thereby catalyzing innovations
in metallurgical workflows and bolstering the dependability of associated capital assets [2].

In order to increase the service life and working parameters of steel products, hard protective
films are deposited. Such films transform the surface characteristics of the substrate, ensuring chemi-
cal passivity, increased microhardness, and reduced abrasive wear. Most traditional surface alloying
technologies are energy-intensive and time-consuming. In the context of Ukraine, the priority is to
create innovative options for chemical-thermal treatment (CTT) that allow controlling the phase com-
position and microstructure of protective layers, ensuring the required performance indicators with a
reduced formation cycle [3].

Diffusion saturation with chromium is used to modify cast irons, various types of steel (car-
bon, alloy, tool), heat-resistant intermetallics based on Ni, Mo, Nb, B, Co, as well as sintered compo-
sites. Powder and vacuum chromium plating technologies are dominant [4]. The presence of carbon in
the matrix complicates Cr migration, as carbon blocks diffusion channels. When processing medium-
and high-carbon alloy steels (0.3-1% C), a continuous carbide barrier (Cr2:Cs, Cr,Cs) forms at the in-
terface, providing extreme wear resistance [5]. Underneath it, a gradient transition zone with an une-
ven distribution of alloying components is formed. To thicken the chromium-containing layer, prelim-
inary decarburization in an H. atmosphere is used, which activates the penetration of Cr.

In low-carbon alloy steels, an intermetallic c-phase crystallizes on the surface, which increases
the brittleness of the diffusion layer. Experiments show that a-structure stabilizers (V, Nb, B, Mo, W,
Cr) accelerate chromium diffusion, while y-stabilizers (Mn, Ni) inhibit Cr flow [6]. The addition of
carbide-forming elements to low-carbon matrices promotes the formation of voluminous Cr solid solu-
tion zones, since C is fixed in carbide inclusions without hindering diffusion. Kinetics analysis showed
parabolic growth of the layer under isothermal conditions and exponential dependence when varying
the saturation temperature. This is due to an increase in the equilibrium concentration of the Crl- carri-
er in the gas phase; the limiting stage is intracrystalline diffusion in the substrate [7]. Thus, parametric
optimization allows the synthesis of coatings with predictable properties, expanding the scope of in-
dustrial application.

Presenting main material

The design and operation of the pivot pin in the mechanism of the hot-rolled flying shears with
a width of 1680 mm is implemented on a wide-strip hot rolling mill with a nominal strip width of =
1680 mm. A four-bar crank-rocker linkage mechanism is used in the flying shear assembly, which is
designed for dynamic strip trimming without stopping the technological flow. The shear lever is con-
nected to the spindle or cutting tool holder via a hinge assembly. The pin acts as the axial element of
the hinge connection between the pivot lever and the holder (or crank); it is made in the form of a steel
cylindrical pin, rigidly fixed in the lever body using a mounting sleeve or a radial sliding/rolling bear-
ing. This design ensures controlled relative angular movement (rotation or oscillation) of the lever rel-
ative to the holder under cyclic working loads, minimizing friction and wear in the assembly.

The surface of the pin is ground, anti-corrosion coating is allowed, and the fit is made with
minimal backlash, which is controlled during operation. The pivot pin is made of alloyed structural
steel 40X with heat treatment, which provides increased hardness, wear resistance, and resistance to
dynamic impact loads characteristic of high-speed shears in continuous rolling. During the cutting cy-
cle, when the knife follows the moving strip, the lever transmits the load through the pin, which en-
sures the direction and accuracy of the knife holder's movement relative to the material. The pivot is
located on the swivel lever of the shear mechanism, usually in the middle of the lever closer to the top
of the crank, where it connects to the knife holder: this is where the transmission of torsion-
al/translational motion between the crank and the knife takes place [8].

This decision is critical in terms of reliability: in case of wear or play in the pin, the knife
movement becomes inaccurate, which can lead to uneven cutting, vibration, or emergency shutdown.
Therefore, during maintenance, the pin play, seat wear, corrosion, lubricant condition, and the pres-
ence of cracks or burrs on the pin surface are checked.

In the 1680 machine, the use of a crank-lever transmission in the shears is justified by the need
for synchronous movement of the knife at the speed of the rolling strip. Thus, the pivot pin of the
swing lever in the flying shear mechanism of condition 1680 is a small but absolutely necessary part
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that is responsible for the hinge connection, correctly transmits dynamic loads, and ensures the accura-
cy of the strip cut at high rolling process productivity [9].

Self-igniting high-temperature synthesis (SHS) is a promising method for forming protective
coatings from powder mixtures that react exothermically in the condensed phase. The reaction initiates
spontaneous combustion with flame front propagation and local temperatures up to 4000 °C. SHS is
based on the frontal mode of exothermic reactions that generate functional materials with high perfor-
mance characteristics. Unlike classical powder metallurgy with prolonged sintering of inert precursors,
SHS uses internal chemical energy.

Advantages of SHS: creation of zones with increased reaction activity, replacement of external
heat sources with reaction energy, simplicity of equipment design, rapid multilayer heating of large
volumes of reagents. This ensures efficiency in industries without strict resource constraints. Refracto-
ry compounds, borides, carbides, superhard alloys, refractory elements, oxide raw materials, single
crystals, phosphors, and high-temperature superconductors [10] are industrially produced with high
technical and economic returns.

To derive optimal formulations for the reactive SHS powder charge ensuring adequate coating thick-
ness and enhanced service life, experimental desigh methodologies were employed, incorporating a full facto-
rial analysis based on a 2° matrix [11]. The independent variables were defined as follows: X1 — concentra-
tion of the primary alloying element (chromium); X — boron content; Xs — chromium component. The re-
sponse variable selected for optimization was Y — the wear resistance metric for the Cr—B system (tabl. 1).

Table 1. Factors for the Cr-B system

Characteristic Factors
Cr %, wt. B %, wt. Chromium component %, wit.
Code X3 X> X1
Basic level 20 10 10
Variation interval 5 5 5
The lower level 15 5 5
The upper level 25 15 15

The determination of the baseline level and the variation intervals was carried out considering
that the addition of the chromium-containing component below 10 wt.% does not significantly influ-
ence the course of the SHS reaction. Based on the analysis of characteristic temperature changes dur-
ing the self-propagating high-temperature synthesis process, the optimal amount of the chromium
component was established. To ensure a complete 100 wt.% composition of the powder SHS charge,
aluminum oxide (Al-Os) was introduced as an inert ballast additive.

As a result, an empirical equation was derived, describing the combined effect of the technolog-
ical parameters and the charge composition on the optimization criteria of physical, mechanical, and
performance characteristics of the obtained coatings. The regression equation takes the following form:
Y =94 —35X:—8.2Xz + 0.9X3 — 7.3X:2 + 2.1X2% + 1.6X52 — 0.475X: Xz + 2.125X:1 X3 — 0.125X2X.

The resulting mathematical model was visualized in the form of three-dimensional response
surfaces, which graphically illustrate the influence of the investigated factors and their interactions on
the target response parameter (fig. 1).

Boron-doped chromium coatings on 40X steel increase the reliability of machine parts. The
high microhardness of the coatings and the retention of lubricant on the surface reduce the intensity of
wear during friction. Thermodynamic modeling of SHS reactions was performed in the TERRA soft-
ware package by calculating the equilibrium composition of the products. A complete thermodynamic
analysis covers the equilibrium state of the system, taking into account heat and power exchange with
the environment (fig. 2, 3). Equilibrium is determined by minimizing the isobaric-isothermal potential
or maximizing entropy, taking into account all potentially equilibrium individual substances [12].




Po3zin 2. MonemoBaHHS Ta ONITUMI3AIlisl B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepialiB

157

Fig. 1. Optimization of wear resistance for the system Cr-B
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Fig. 2. The content of condensed products in the reactor of the charge for the system: Cr-B
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The kinetic patterns of reactions in the self-propagating high-temperature synthesis mode are
determined by thermodynamic conditions and diffusion barriers. Under conditions of minimal diffu-
sion inhibition in the gas phase during heating and a relatively low rate of temperature change com-
pared to the kinetics of gas-phase transformations, thermodynamic equilibrium of the products is
established at each isothermal level. A sequential calculation of the equilibrium composition in the
temperature range allows the phase transformation of the system to be reconstructed.

The existence of critical temperature limits for a stable combustion front imposes restrictions
on the use of the combustion mode in industrial processes. In contrast, the thermal self-ignition mode
has no such limitations. By diluting the initial powder mixture with an inert filler to 85—90 % of the
mass, it is possible to reduce the peak temperature to a specified technological value.

As the temperature rises, the yield of volatile components increases, and condensed phases are
formed in parallel. In the range of 400—1600 K, the proportion of the condensed phase decreases due
to the volatilization of transport agents. Starting at 800 K, the destruction of primary products is initi-
ated, manifested in the formation of secondary decomposition compounds and a sharp increase in the
molar volume of the gas phase.

At temperatures exceeding 800 K, the molar fraction of the condensed phase attains a steady-
state value, indicating that reactions within the 800—1600 K interval proceed with the exclusive for-
mation of solid-phase products without alteration in the total molecular count of the gaseous phase.
This behavior is typical of decomposition, disproportionation, or metathetic interactions involving the
substrate, which underpin the chemical vapor transport mechanisms operative in the system. Depend-
ing on the boron loading and the concentration of ammonium-derived gaseous transporters within the
powder charge, volatile intermediates are generated (BH, BH:, BHs, BF, BF., BFs;, BHF, BH:F, BI,
Bl., Bls) alongside condensed phases (B(c), Al-0s(c), BN(c), AlFs(c), AIN(c), Cr(c)).

Phase analysis of the boron-alloyed chromized diffusion coatings revealed that on the surface of
the treated pivot pin in the rocker arm, multilayer diffusion zones form comprising (Fe,Cr,Al).B as the
dominant phase, with dispersed inclusions of FeB, FesAl, and solid solutions of B, Cr, and Al in a-iron.

Conclusions

As a result of theoretical and experimental studies, it has been established that the use of func-
tionally active charge based on chromium alloyed with boron during the formation of diffusion coatings
in non-stationary temperature conditions provides a significant increase in wear resistance and opera-
tional durability of metallurgical equipment parts. The most pronounced strengthening effect is ob-
served on the surface of the pivot pin of the hot rolling mill type 1680, which is due to the formation of
diffusion layers of complex phase composition resistant to abrasive and adhesive wear on the surface.

Phase analysis showed that at temperatures above 800 K, a complex of solid solutions and bo-
ride phases of the type (Fe,Cr,Al).B with inclusions of FeB, FesAl, and solid solutions of B, Cr, Al in
a-iron is formed in the surface zone. This phase ratio ensures high microhardness, thermal stability,
and chemical inertness of the diffusion layer, which significantly reduces the wear rate during sliding
friction. An increase in temperature above 800 K is accompanied by stabilization of the molar fraction
of condensed phases, indicating that the system has reached thermodynamic equilibrium and that reac-
tions proceed within the range of 800-1600 K without disturbing the stoichiometric balance. This in-
dicates the predominance of destruction mechanisms, disproportionation, and exchange reactions with
the metal substrate, which determine the efficiency of chemical transport of elements in the coating
formation process.

It has been established that varying the concentration of boron and ammonium-type gas
transport agents in powder mixtures allows for controlled changes in the ratio of volatile intermediates
(BH, BH-, BHs, BF, BF., BFs;, BHF, BH:F, B, Bl., Bls) and condensed phases (B(c), Al-Os(c), BN(c),
AlF;(c), AIN(c), Cr(c)), which determines the mass transfer kinetics and the depth of the diffusion lay-
er. The obtained regression dependencies confirm the existence of a close correlation between the
concentration of doping elements, heat treatment parameters, and tribotechnical characteristics of the
hardened layer, which creates a scientific basis for optimizing the composition of powder mixtures and
processing modes.

Thus, the results of the study not only prove the effectiveness of using functionally active
charges under non-stationary temperature conditions, but also open up prospects for further improve-
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ment of technologies for strengthening metallurgical equipment components. The practical implemen-
tation of the proposed approach will contribute to increasing the reliability, stability, and service time
of hot rolling units, which will ultimately reduce operating costs and increase the competitiveness of
metallurgical enterprises.
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