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Abstract. In the course of operation of agricultural machinery, the need for repair works for the replacement or
restoration of critical parts occurs. High price of, for example, the crankshaft or camshaft for tractors, harvesters,
and cars makes agricultural producers need to develop economically viable resource-saving technologies for the
restoration of critical parts. Active development of technology for hardening parts in mechanical engineering has
led to the creation of a whole complex of metal-containing powders. At the same time, the possibility of their use
in agriculture remains poorly understood. In this study, it is proposed to use the technology of applying self-
fluxing powders using a gas flame. However, it requires the development of a control and quality control system
for the resulting coatings (elimination of overheating of the part, the formation of the preset thickness of the
resulting coating), taking into account the volumetric-geometric and physical-chemical parameters of the
restored or hardened surface. Quality control of the coatings is the selection of optimal technological parameters
that affect the final performance, and changing them according to the given procedure, or keeping them in the
stable condition. Adjustable parameters are the distance from the surface of the part to the flame nozzle, when
applying self-fluxing powder, and the peripheral speed of the part. Mathematical modeling of the process of heat
distribution in the surface layer of a part during coating allows substantiating these parameters. The results
obtained in the modeling process (peripheral speed of the part, distance from the part surface to the flame nozzle,
and the direction of movement of the burner relative to the part) make it possible to substantiate the
technological modes of coating that satisfy the conditions for eliminating overheating of the part and the
formation of a uniform coating layer(s) of a given thickness.
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Introduction

Under the conditions of agricultural production, the cost of restoring parts for the piece and small-
scale production is of no small importance. Analysis of the technologies for the restoration and
hardening of critical machine parts, including agricultural machinery (crankshafts and camshafts,
exteriors), shows the tendency to use carbide self-fluxing powders in the technological processes [1-
12]. Recently, many compositions were created on the basis of iron, nickel, and cobalt. Such a variety
has appeared due to the development of 3d prototyping technology, which is used to quickly create
parts, including metal ones.

The designing of low-cost and generally accessible recovery technologies using self-fluxing
powders in agriculture remains an unsolved task. At present, the opportunities for using carbide self-
fluxing powders in agriculture and ensuring the strength characteristics of coatings have not been fully
studied.

One of the economically and technologically promising technologies for surface restoration and
protection against corrosion of agricultural machinery parts subject to wear can be attributed to the
thermal application of self-fluxing powders (thermal coating). In recent years, research work has been
carried out in Russia and abroad in order to create such a technology. In particular, studies are being
performed to determine the optimal application regimes.

The properties and qualities of the resulting coatings are determined by both the physicochemical
properties of the powder materials [12; 13] and the characteristics of the devices, the kinematic
process diagram, and application conditions [1; 2; 5; 7; 12; 13]. The quality of the resulting coatings
greatly depends on the thermal processes that occur during the interaction of heated powder particles
with the restored surface of the part and are determined by the choice of optimal control parameters
[6; 14-19].

Experimental studies to determine the optimal application conditions require a long time to obtain
reliable results. Mathematical modeling of the thermal cladding process allows to process a larger
amount of data, obtain the appropriate parameters for specific production conditions and further
develop a control program with lower costs.
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Materials and methods

The designed model needed to simulate the shape of the part, and also because of the movement
of the heating zone along the surface of the part, it was necessary to take into account the dynamics of
thermal processes from the center to the boundaries of the zone. Moreover, it was necessary to present
the interaction of various process media — plated material, material of the restored part, a jet of burning
gas, and air surrounding it. To do this, the investigated space in the shape of the part is represented
discretely in the model as a set of points, which allowed the use of algorithms and the numerical
simulation method.

To determine the relationship between the values, methods of mathematical physics were used,
considering the process for an elementary volume of the substance over an infinitesimal period of time
(discretely). Such a dependence is described by the differential heat equation (Fourier equation),
which establishes the relationship between temporal and spatial changes in temperature at any point in
the volume. Within the boundaries of an infinitesimal period of time, it becomes possible to neglect
the change in some values characterizing the process. While deriving the Fourier equation, the
following assumptions are accepted: - the physical values 4, ¢, and p are constant, internal heat sources
are absent, and the energy conservation law is applicable (the difference between the amount of heat
entering the investigated three-dimensional space during the time dr and leaving it during the same
time is spent on changing the internal energy of the volume under consideration). As a result, we
arrive at the following heat equation for the three-dimensional model:

%T(F,t): V., 1 F.OVT(7.0)+ 0(F1), )

where 7 —radius vector and x, y, 7z — Cartesian coordinates of the studied space point;
t — research timepoint;
i, j, k — unit vectors in Cartesian space;
T(7,r) — temperature distribution in space and its change in time;

V= Ef + LA J+ L} k — vector differential operator nabla (Hamilton), summands of

ox Oy 0z
which are local derivatives in three coordinates;
#(7.,t) — substance temperature conductivity coefficient (depends on the position in space
and time);
VT(#,t) — temperature gradient (vector directed along the normal line to the isothermal

surface toward temperature growth and equal to the local derivative of the temperature at
this direction);

VT(F,t) — heat source field changing in time with the coating application using the
studied method.

The temperature conductivity coefficient may be expressed through the heat conductivity
coefficient k, heat capacity ratio ¢, and the mass density p: y = k/(c:p). In our case, we take into
account the presence of two substances in the experiment: the metal of which the crankshaft is made,
with the coefficient y=0.25 W-(m-K)" and the gas surrounding the shaft with the coefficient
2 =0.026 W-(m-K)™".

Simulation is performed with the use of the grid method: the temperature propagation in the part
of a given shape and the subsequent appearance of the coating of the material on the surface of the part
are reproduced. We represent each of the three dimensions of space in the form of a discrete
rectangular grid with a step = 1 mm. The number of such cells in each of the three spatial directions X,
Y, Z is 100. Accordingly, the total number of cells is 1 million discrete points. Any grid node is
bordered by six nodes, from which some heat transfer can occur, or to which heat transfer is carried
out from the central node of Fig. 1.

Immediately at the first moment of the cladding process, all grid nodes have the same ambient
temperature. In our experiment, this is the temperature of laboratory air +22 °C. In the calculated
model, the restored part is stationary. The heating zone moves around the part in the x = 0 plane.
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Fig. 1. Grid representation of the simulated space

With this representation, the dependence of the temperature 7, for any node (i, j, k) at each
discrete step on the temperature of neighboring nodes through the Fourier equation can be written in
the form:

(Ti+1,j,k - Ti,j,k )_ (Ti,j,k - Ti—l,j,k ) + (Ti,j+1,k - Ti,j,k )_ (Tzk - Ti,j—l,k ) " ATi,j,k

= Xi, :
(ax)’ (4y)’ A
(7: k1 Ti,,;k )_ (Z’,j,k - T;‘,j,k—l) " Q )
2 i,k
(Az)
where At — sample timing;
Ax = Ay = Az = h — sample spacing;
x — temperature conductivity coefficient;
O« — heat input from the environment to a given cell.
Solving the equation (2) we get the final formula for the heat calculation
T;'T'*—kl _’Tir'k Xi j.k T T T T T T T
= = (Ti+1,j,k + Ti—l,j,k + Ti,j+1,k + Ti,j—l,k + Ti,j,k+1 + ijk-1" 6 Ti,j,k )+ Qi,j,k s (3)

At h?

allowing the calculation of the temperature 7°*'; jx for each cell (i, j, k) for the next sample timing
7+ 1 based on the current temperature 7°*; i Of the current integration step .

Results and discussion

The construction of a model of heat distribution in the part, restored by thermal spraying of self-
fluxing powder, was carried out using a specially developed coating program for the crankshaft rod
journal and main bearing journals. The results of the program are presented in Figure 2.

The subprogram displays on the projection screen of the part a graph of the temperature
distribution along the axis of the crankshaft, as well as cartograms of the temperature distribution in
the longitudinal and transverse sections of the part. The subprogram is applicable for crankshafts of
various types and other parts of agricultural machines with pronounced axial symmetry.

A computer implementing the subprogram must have a processor of at least Pentium 3.0 GHz and
a RAM capacity of at least 4 GB. The operating system used is Windows 7. The source code is written
in the programming language Object Pascal in the integrated environment of Borland Delphi 7 and has
a capacity of 12 KB.
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The main technical limitations of the subprogram: the step of integrating differential equations is
not more than 0.01 with a maximum size of the cube of the discretization of space not more than
1 mm.

" Pr sgram for modeling the process of heating and heat distribution during gas-thermal surface restoration

20 mm

Fig. 2. Results of computer modeling: A — Cartogram of the longitudinal section of the crankshaft
(1 — heating zone); B — Cartogram of the cross section of the crankshaft; C — Diagram of temperature
distribution along the axis

In the process of a computer experiment, the gas thermal spraying area makes a helical motion
around the crankshaft main neck (Fig. 3). From the beginning of the process of thermal recovery, the
surface temperature of the crankshaft neck starts growing. The results are shown for a sufficiently
slow rotation of the crankshaft and rather intense heating to reproduce the case of surface overheating
(temperature above 570 °C = T,,,,, it is marked by a dashed line in the graph) and scale formation on
the side of the neck, opposite the heating region.

Temperature fluctuations with amplitude of about 100 °C compared to the increasing average
temperature were detected (Fig. 3). The increase and decrease in temperature are associated with the
asymmetric arrangement of the crankshaft cheeks relative to the axis of the main neck and their
movement relative to the coating area. In this case, the conditions for heat removal change: the closer
the coating area is to the center of the geometric area of the cheek, the higher the heat removal.
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Fig. 3. Dependence of the temperature T of the crankshaft main neck
on the side opposite to the heater on the time t during helical coating process

427



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 20.-22.05.2020.

To confirm the simulation results, experimental studies were conducted on the basis of the
laboratory of the Voronezh State Agrarian University named after Emperor Peter I (Fig. 4). The
experimental installation for gas thermal recovery was created using a screw-cutting machine (1K62),
which ensured the rotation of parts and the movement of the gas burner (GN-2) in longitudinal and
transverse direction. Acetylene-oxygen mixture is used in the burner. The self-fluxing metal powder
PR-HX17CP4 was transported by oxygen. As the reconditioned part, the crankshaft of the John Deere
POWERTECH 6.8L engine was used. Temperature measurements during the restoration of the
crankshaft neck were made with a Mastech MS6550B pyrometer. The thickness of the recovered layer
was determined by a laser distance meter RDS 205. The distance between the burner and the restored
part was regulated within 5-15 mm. The rotation speed of the part is from 5-9 mm-s™. The temperature
obtained during the experiment differed from the simulation results within 3.0-4.5 %, which allowed
us to talk about the adequacy of the model and its compliance with similar studies [7-13; 15-19].
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Fig.4. Dependence of the temperature T of the crankshaft main neck on the side opposite to the
heater on the time t during the helical coating process, obtained in the experiment

Conclusions

The mathematical model and the program for calculating the temperature of the surface layer by
the volume of the part make it possible to justify the modes of applying the powder material, increase
the uniformity of the obtained layer and reduce the cost of subsequent machining of the reconditioned
part, and use the data in the control program for flame coating. Application of the model improves the
quality of reconditioned parts with a positive economic effect.
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