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Abstract

This paper searches for optimal values of resistance welding parameters of composite wires to increase the
durability of agricultural machinery shafts. The optimization parameter was chosen to be the adhesion strength of
the composite coating to the base of the part. The adhesion of the composite coating to the base material was
evaluated using the normal tear method. To determine the optimal modes of applying composite coatings, an active
experiment was conducted using mathematical planning methods. The obtained response surfaces and graphs of
equal yield lines made it possible to establish the influence level of the research factors on the optimization
parameter. To analyze the influence of factors on the optimization criterion, scatter graphs with histograms were
constructed, which allows to graphically determine the rational values of the selected optimization criterion — the
adhesion strength of the composite coating to the base during resistance welding of composite wires. The
implementation of the central composite plan 25 made it possible to establish the influence of the resistance
welding parameters of composite wires (welding current strength; pressure on the electrodes; duration of the
current pulse and pause; linear speed of the part rotation) on the adhesion strength of composite coatings to the
base and determine their rational values.

Key words: resistance welding, composite coating, adhesion strength, agricultural machine shafts, optimal
parameters.

Introduction

The technical condition of agricultural machines largely depends on the technical condition of their friction
units. But today, there are still friction units of agricultural machines that are not sufficiently adapted to real
operating conditions. This is evidenced by the fact that the service life of, for example, shafts is significantly lower
than the service life of the machine as a whole [1]. Therefore, to increase the service life of agricultural machinery,
it is advisable to increase the durability of shafts. One of the ways to solve this problem is to use technological
methods to increase the wear resistance of parts [2]. Paper [3] proved the feasibility and effectiveness of using
resistance welding when applying composite ceramic-metal coatings to the working surface of agricultural
machinery shafts operating under abrasive wear.

For the restoration of cylindrical surfaces, various methods of surfacing, gas-flame and plasma spraying,
electrolytic deposition, and resistance welding are mainly used [4]. Wide opportunities for increasing the durability
of parts are opened up by the use of resistance welding and powder brazing, which has the following undeniable
advantages [5]: high productivity; minimal losses of filler material (during welding and subsequent processing,
losses do not exceed 5%); practically no burnout of chemical elements of the filler material; insignificant thermal
effect on the part (the zone of thermal influence does not exceed 0.3 mm); the ability to apply a thin, dense, pore-
and shell-free layer of metal with high hardness and with minimal allowance for machining.
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Resistance welding is carried out on special installations by joint deformation of the welding material and
the surface layer of the base metal, heated at the place of deformation to a plastic state by short (0.02...0.5 s) current
pulses of 5...30 kA [6]. Depending on the type and shape of the filler material, there are resistance welding of
compact (tape, wire), powder (granular), and combined materials.

In order to achieve high wear resistance of the restored shafts, coatings that work well under abrasive wear
conditions are needed. In this case, preference should be given to composite coatings [7]. Studies [8] state that the
method of resistance welding using composite wire has wide technological capabilities and provides obtaining
composite coatings with the achievement of the required performance properties of parts.

One of the main operational properties that determine the durability of parts with composite coatings,
applied by resistance welding of composite wire in particular, is their adhesion strength to the base metal, which
in turn depends on the modes of forming the composite coating.

From this point of view, it is quite reasonable to study the effect of resistance welding parameters on the
adhesion strength of the composite coating with the base.

Paper [9] presents a methodology for optimizing technologies for coating application according to the
strength and wear resistance criteria, which ensure the maximum possible strength and durability of the part with
a coating at minimal cost for the coating application process. The prospects of using the optimization direction by
the method of experiment factorial planning have been convincingly proven on such technologies as gas-flame
and detonation spraying [10], vacuum plasma spraying [11], electric spark alloying [12], ionic nitriding [13], and
finishing antifriction non-abrasive treatment [14, 15].

Purpose

The purpose of the presented research is to establish rational values for the parameters of resistance welding
of composite coatings in order to increase the strength of their adhesion to the base.

Research Methodology

In most cases, the performance of agricultural machinery parts restored by resistance welding is determined
by the adhesion strength of the applied coating to the base. Therefore, this indicator should be chosen as the
optimization criterion. It should be noted that the adhesion strength of composite coatings to the base largely
depends on the modes of resistance welding.

Experimental studies of the resistance welding of composite wires were carried out on the installation 011-
1-02N. The following main parameters were monitored in the process of resistance welding of composite coatings:
applied pressure value; electric current strength, current pulse duration and pause between pulses; part rotation
speed and welding head feed rate.

The most technologically advanced materials for resistance welding of composite coatings are composite
wires, which represent a sheath filled with the necessary components in the form of a powder. In the course of the
study, the sheath material used was steel 08 ps, the chemical composition of which is shown in Table 1.

Table 1
Chemical composition of steel 08 ps, % [16]
Brand Fe C Mn Si cc | s | P | cu | N [ As
no more than
Steel Base | 0.05-0.11 | 0.35-0.65 | 0.05- 0.10 0.04 0.035 0.25 0.25 0.08
08ps 0.17

The main material of the matrix is iron — PZhV-5 powder (Table 2), an inexpensive material with high
welding properties.

Table 2
Chemical composition of iron powder PZhV-5, % [16]
Brand Fe C Si Mn S P 0] Residue
insoluble
in HCI
PZhV 5 Base 0,25 0,30 0,50 0,05 0,05 2,0 0,6
C Si Mn Ni S P Cr Cu Fe
0.27-0.34 09-12 1.0-13 14-18 >0.025 >0.025 09-12 >03 ~94

Composite powders were used in the core of the welded flux-cored wires: nickel-clad ceramics, which
improves the thermal and electrophysical characteristics of the composite coating. Chromium carbide was used as

filler.

Thus, a wire with a diameter of 2 mm was made for the study, the microstructure of which is shown in Fig.

1.
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Fig. 1. Microstructure of flux-cored wire, x1

00 % [16]

The resistance welding of composite wires of the specified composition was carried out on samples made
of steel 50, which is widely used for the manufacture of agricultural machinery shafts.

To determine the optimal modes of composite coatings application, an active experiment was conducted
using mathematical planning methods.

Since the optimization parameter is the adhesion strength of the composite coating to the base, the choice
of the methodology for its evaluation deserves special attention.

The evaluation of the composite coating adhesion to the base material was carried out by the normal tear
method using a special device developed by the authors, the scheme and general view of which are shown in Fig. 2

[17].
T
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Fig. 2. Scheme (a) and general view (b) of a device for determining the adhesion strength of a composite coating to a base
metal: 1 — fork; 2 — split bushing; 3 — clamps; 4 — axis; 5 — washer; 6 — cotter pin; 7 — sample [17]

In accordance with the proposed methodology [17], a bushing 2 (Fig. 2), previously cut into sectors, each
with threaded holes for screwing the clamp 3, was glued to the outer surface of the sample 7, which was studied
with a composite coating. After polymerization of the glue, the cuts made on the bushing were deepened to the
surface of the base metal. The sample with the glued sectors was mounted on the axis in the fork 1 of the device.
The clamps were screwed into the threaded holes of the fork and the sector to be torn off. The sectors were torn
off using a tensile machine MP-500, and the adhesive stress was calculated using the formula:

P
Oad =1 >

F

where P — tearing force, N; F — area of the sector inner surface, m?.

To determine the optimal modes of composite coatings application, an active experiment was conducted
using mathematical planning methods.

The purpose of the experiment series was to implement the central composite plan 2°2, which resulted in
the determination of a number of factors influence (welding current; electrode pressure; current pulse duration;
pause duration; linear rotation speed of the part) on the adhesion strength of composite coatings to the base.

The rotational plan has five levels: top, zero, bottom, and two outer levels (“star points”). The interval from
the zero level to the “star points” is defined by the “star shoulder” equal to 1.68 [18]. In order to prevent the
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influence of systematic errors caused by unconsidered factors, the experiments were conducted in a random order,
for which a table of random numbers was used.
The experimental data were processed using the STATISTICA 12.0 software package.

Results

The resulting regression equation is as follows:

Y =144,983 +22,066x, +16.693x, +18.193x, —3.14x, —0.779x, ——25.563x —
~7,127x; —2,327x; —2,615x] —2.065x] ++7.023x,x, +4.948x,x, —11.04x,x, +10.319x,x, —
—-0,652x,x;, —=5,715x,x, +9.544x,x, + 2.91x,x, — 0.68x,x, +9.057x,x,
where x; — welding current strength, kA;
x> — pressure on the electrodes, MPa;
x3 — duration of the current pulse, s;
x4 — pause duration, s;
x5 — linear speed of part rotation, m/s.

The statistical evaluation of the obtained results allows considering the experiments to be equally accurate.
The significance of the obtained coefficients was checked using the Student's criterion, and the adequacy of the
equations — using the Fisher's criterion.

The analysis of the Pareto Chart (Fig. 3) and the tabular results of the experiment revealed that the following
factors have the greatest influence on the adhesion strength: x;, x3, x> and the quadratic function of x; and x.

Pareto Chart of Standardized Effects; Variable: Y
5 factors, 1 Blocks, 286 Runs; MS Residual=2232,124

DV:Y
5 -2,09659
(1xa(L) | 1 1,956198
g ]1,748681
(2p%2(L) | ]1.604505
. |-.837426
1Lby5L | |.711468
; |- 70568
2LbysL F |.6580341
a 6244225
1Lby2L | 5327125
3 -, 433496
1Lby3L | |.3753125
s ]-,301824
Xg(Q) | ]-,258903
. ]-230438
3Lby4L | ].2207571
a |-, 204448
(S)xs(L) F ]-,06985
i |-.049478
3Lby5L F |-.046949
p=,05

Standardized Effect Estimate (Absolute Value)

Fig. 3. Standardized Pareto Chart for adhesion strength

The response surfaces and graphs of equal yield lines (Fig. 4) make it possible to note that the highest
adhesion strength of composite coatings to the base occurs at the following values of the factors: x; = 14.8...15.2
kA; x2=0.3...0.4 MPa; x3=0.06...0.08 s; x, = 0.05...0.06 s; x5 = 0.018...0.02 m/s.

To analyze the influence of the factor on the optimization criteria, we constructed experimental scatter
graphs with histograms (Fig. 5), which allows to graphically determining the rational values of the selected
optimization criterion — the adhesion strength of the composite coating to the base during resistance welding of
composite wires.
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Fig. 4. Response surfaces and graphs of equal yield lines ¥: a — Y (X1, X2), b — Y (X1, X3), ¢ — Y (X1, X4), d - Y (X1, X5), e — ¥
(x2,Xx3), f— Y (X2, X4)

Analysis of the response surfaces and graphs of equal yield lines for the selected optimization criterion
(Fig. 4), as well as scatter graphs of the technological factors influence (Fig. 5), allows to determine their rational
values: x; = 15.179 kA; x> = 0.3 MPa; x3 = 0.06 s; x4 = 0.06 s; x5 = 0.01964 m/s. Taking into account the
technological capabilities of the installation for resistance welding of composite wires when machining shafts & 50
mm, the following values should be considered rational modes: welding current 7 = 15 kA; electrode pressure P = 0.3
MPa; current pulse duration 7 = 0.06 s; pause duration 7; = 0.06 s; linear speed of part rotation V= 7.5 rpm.
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Fig. 5. Scatter graphs with histograms characterizing the influence of the studied factors on the adhesion strength of the
composite coating to the base during resistance welding of composite wires

Conclusions

1. Given that the service life of agricultural machine shafts is significantly shorter than the service life of
the machine as a whole, the issue of increasing the parts durability is particularly important.

2. The use of resistance welding technology of composite wires opens up great opportunities to improve
durability.

3. Since the adhesion strength to the base is one of the main operational properties of parts that determine
their durability, this parameter must be improved by selecting rational values for the resistance welding modes of
composite wires.

4. To determine the optimal modes of applying composite coatings by resistance welding, an active
experiment was performed using mathematical planning methods. The analysis of response surfaces and graphs
of equal yield lines for the selected optimization criterion made it possible to establish rational values of the
resistance welding modes. Taking into account the technological capabilities of the installation for resistance
welding of composite wires, it is recommended to process shafts &J 50 mm at the following values: welding current
I =15 kA,; electrode pressure P = 0.3 MPa; current pulse duration 7 = 0.06 s; pause duration z; = 0.06 s; linear
speed of part rotation V' = 7.5 rpm.
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Yepuosoa M.I., lllenenenxo 1.B., Bacuienko [.®., Jlemenko C.M., Kpacora M.B., AptioxoB A.M.
BcTaHOBICHHS ONTUMATBHUX TAPAMETPIB KOHTAKTHOTO HABAPIOBAHHS BAJIB CLILCHKOTOCIOAPCHKUX MAIIUH

B poOoTi BHKOHAaHO IIOUIYK ONTHUMAJbHUX 3HA4YE€Hb MAapaMeTpiB KOHTAKTHOTO HaBapIOBaHHA
KOMITO3MIIIITHUX JIPOTIB 3aJUIsl MiJBUIIEHHS JOBrOBIYHOCTI BATiB CUILCHKOTOCHOAAPCHKUX MAIIMH. 3a Mapamerp
onTuMizarii oOpaHO MIIHICTh 3YEIUICHHS KOMITO3HMIIIHOTO MOKPUTTS 3 OCHOBOIO neTaii. OIMiHKY 34YeTUICHHS
KOMIIO3UIIIITHOTO TOKPHUTTSA 3 MaTepialoM OCHOBH 3IiHCHIOBAIM METOJOM HOPMANBHOTO BimpuBy. [l
BU3HAUCHHS ONTUMAJIbHUX PEKUMIB HAaHECEHHS KOMITO3UIIIHHHX TIOKPUTTIB IIPOBOANBCS aKTUBHUI €KCIIEPHUMEHT
3 BUKOPHCTaHHSIM METOJIB MaTeMaTHYHOTO IutaHyBaHHA. OTprMaHi MOBEpXHi BIATYKY Ta rpadiku JiHIA piBHOTO
BUXOJY JO3BOJIMJIN BCTAHOBUTH PiBEHb BIUIMBY IOCTIKYyBaHUX (aKTOPiB Ha mapameTp omtumizarii. s aHamizy
BIUIMBY (haKTOPIiB Ha KpUTepill onTumizarii moOyaoBaHi rpadiku po3citoBaHHS 3 TicTOTpaMaMH, SKi JO3BOJSIOTh
rpagiyHO BH3HAYUTH palliOHAIBHI 3HA4YeHHS OOPaHOrO KPHUTEpil0 ONTHUMIi3alil — MIIHOCTI 34YEIUICHHS
KOMITO3MIIIITHOTO MOKPHUTTSI 3 OCHOBOIO NPU KOHTAKTHOMY HaBaprOBaHHI KOMIIO3ULIHHHUX ApoTiB. Peamizamis
LIEHTPAILHOTO KOMIO3UIIHHOTO TuiaHy 232 J103BOJIWJIA BCTAHOBUTH BIUIMB MapaMETPiB  KOHTAKTHOTO
HaBapIOBaHHs KOMITIO3UIIMHUX JPOTIB (CHJIM 3BaplOBAILHOTO CTPYMY; THUCKY Ha €NIEKTPOAAX; TPUBAJIOCTI
IMITyJIbCY CTPYMY Ta Tay3H; JIHIHHOI MIBUAKOCTI 00epTaHHS JeTalli) Ha MIIHICTh 34EIUICHHS KOMITO3MLIHHUX
MOKPHTH 3 OCHOBOIO Ta BU3HAYUTH X paliOHANbHI 3HAYCHHS.

KnrouoBi cjaoBa: KoHTakTHe HaBaprOBaHHA, KOMHO3HI_[iI>‘IHe IOKPUTTH, MiI_[HiCTB 3UYCIIJICHHA, BaJId
CiHBCLKOFOCHOZ[apCBKI/IX MallluH, ONTUMAJIbHI napameTpu



