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ABSTRACT

The stability limits of weld overlay deposition processes on worn surfaces of steel cylindrical parts from
agricultural machinery were investigated. The microstructure of the deposited coatings was analyzed, and the
main structural constituents were identified. The microhardness distribution across the coating depth was
determined. Furthermore, the influence of key technological parameters on selected mechanical properties of
the weld metal was examined. The obtained results enable the determination of optimal deposition regimes
for the restoration of worn parts, with the aim of improving their wear resistance and operational reliability.

PE3IOME

UscnedeaHu ca epaHuyume Ha cmabunHO npomuyaHe Ha fpouyecume fnpu HaHacsiHe Ha HasapbyHU
oKpumMusi 8bpXy USHOCEHU M08bPXHOCMU Ha CMOMaHeHU YunuHOpu4YHU demadisiu om 3emedericKu MalluHU.
AHanusupaHa e MUKpocmpykmypama Ha M[ofydeHume rnokpumusi U ca rpedcmaseHu OCHOB8HUME
cmpykmypHu cbecmasnsaeawu. OnpedeneHa e Mukpomebpdocmma 8 0b/iboYUHa Ha HagapeHume Crioese.
U3cnedsaHo e e/1usgHUEMO Ha OCHOBHU MEXHO02UYHU rnapamempu 8bpXy HKOU MexaHU4YHU ceolicmea Ha
HasapeHusi memars. [lonyyeHume pe3ynmamu ro3eonseam onpedesnsHe Ha OonmuMasnHu pexumu 3a
eb3cmaHogsieaHe Ha U3HOceHu Oemalsnu C Ues nosuwaeaHe Ha msxHama u3Hocoycmolyusocm U
ekcriioamayuoHHa HadexxGHocm.

INTRODUCTION

In developed countries and regions, policies related to reproduction play an increasingly important role
and lead to sustainable development (Jia-qi Shen et al, 2025).

During the operation of agricultural machinery, damage and wear of various components frequently
occur and must be addressed in a timely and systematic manner, as most mechanized agricultural operations
must be performed within specific agrotechnical time windows (Bujaczek et al., 2013; Yanhu Zhang et al.,
2026). This requirement is particularly critical during harvesting periods (Jialin Han et al., 2020; Jialin Han et
al., 2022; Yaoguang Hu et al., 2020).

The prices of agricultural machinery, material and technical resources, and mechanized production
are continuously increasing and remain high. Sometimes there are insufficient funds to purchase new
machines, or the purchasing and delivery process takes a long time, which may disrupt the technological
workflow. Therefore, the quality of maintenance and repair of the equipment is of particular importance
(Vorotnikov |I. et al, 2019; Yaoguang Hu et al, 2019).

Reducing maintenance and repair costs, and increasing the life of machinery lead to increased
efficiency in agricultural production (Pourdarbani R., 2019; Yipu Yao et al, 2021, Jialin Han et al, 2021).

Since maintenance and repair costs represent a large share of the total costs of agricultural machinery,
up-to-date information on this issue is of great importance for farm management (Burose F. and Sauer N.,
2011).
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Unlike other types of agricultural machinery costs, maintenance and repair costs are difficult to predict
over time and calculate in advance (Lips M. and Burose F., 2012). These costs increase as the age of
machinery and equipment increases (Calcante A. et al, 2013).

Cylindrical components constitute a significant proportion of elements in various types of machinery.
Due to operating conditions and prolonged service, their working surfaces are subjected to wear, corrosion,
fatigue damage, and other defects (Zichao Yu et al., 2024). This degradation leads to a reduction in the
reliability and service life of the machinery (Popovych et al., 2017).

Recycling agricultural machinery requires the availability of the necessary equipment, methods and
technologies (Malykha E.F. et al, 2023).

The choice of a rational method for the restoration and repair of machine parts is often a complex
problem, the solution of which requires specific steps (Voynash S.A. et al, 2017).

Welding methods are widely used for the restoration of agricultural machinery components. In many
cases, layers of weld metal are deposited onto worn working surfaces, providing wear resistance equal to or
greater than that of the original material. Determining the optimal parameters of the weld overlay deposition
process is of great importance, particularly with regard to the thermal loading of the restored components
(Winczek et al., 2020). High temperatures may lead to the development of residual stresses and deformations
(Meléndez-Morales et al., 2023).

To assess the influence of deposition process parameters and filler material, metallographic cross-
sections are commonly prepared and analyzed (Gehling et al., 2022).

This paper presents the results of determining the stability limits of weld overlay deposition processes
applied to worn surfaces of agricultural machinery components. The interactions between process parameters
are analyzed, and the resulting coatings are evaluated in terms of wear resistance and resistance to
mechanical stresses.

MATERIALS AND METHODS

Method for determining the stability limits of weld deposition processes in a carbon dioxide shielding
environment (with and without electrode wire vibrations) and under a flux layer

The magnitude of the welding current is of decisive importance for the quality of weld metal formation
when applying different weld overlay techniques to worn agricultural machinery components. It depends on
the appropriate combination of electrical and kinematic parameters, as the current may vary within relatively
wide limits. Therefore, even for identical electrode dimensions and geometry, the stability limits of the process
may differ significantly. Process stability is characterized by the absence of molten metal flow, uniform slag
separation during submerged arc welding (SAW), and minimal fluctuations in the welding current. The latter
parameter is quantitatively evaluated using the coefficient of weld deposition non-uniformity. Consequently, it
is necessary to determine the permissible ranges of controllable parameters for each weld deposition method
that ensure stable process conditions.

The experimental investigations were carried out under laboratory conditions at the University of Ruse.
Low-carbon steel electrode wires (grade SV-08G2S) with diameters of & = 1.0, 1.2, 1.6, and 2.0 mm were
used for the different weld deposition methods mentioned above. The weld deposition process was performed
on cylindrical steel specimens made of medium-carbon structural steel (grade 45), with a diameter of D = 80
mm.

The experiments for each electrode wire diameter were conducted at constant deposition velocity and
voltage, taking into account the specific characteristics of the respective weld deposition processes (Table 1).
Each experiment under identical conditions was repeated three times, resulting in a total of 171 specimens.

The electrode wire was fed into the arc zone using a KILBERG-type welding head, allowing stepless
adjustment of the feed rate within the limits of stable process operation. A DC power source (IZA-G500) was
used. Flux type VL-78 and carbon dioxide (CO,) were used as shielding media, depending on the deposition
method.

Statistical data analysis was performed using IBM SPSS Statistics (v.19). Process stability was
evaluated using linear regression analysis, while differences between methods were assessed using one-way
ANOVA followed by Tukey’s HSD test (p < 0.05).
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Table 1
Deposition velocity and voltage for different weld deposition methods

Weld deposition method

CO: shielding with wire CO: shielding without wire

vibrations vibrations Under flux layer

Velocity of weld coating deposition Vwcd [m/min]
1.0 | 1.1 | 0.8
Voltage of weld coating deposition Uwcd [V]
20 | 22 | 28

Method for investigation of the microhardness and microstructure of weld overlay coatings

One of the main factors determining the durability of restored components is the variation of
microhardness along the thickness of the deposited layer, as well as its microstructure and the proportion of
individual structural constituents. A correlation exists between these factors and wear resistance, which
strongly depends on the dominant wear mechanism. Since hardness can be quantitatively measured, its
distribution across the coating thickness can be used to characterize wear resistance with sufficient accuracy.

When different arc welding deposition methods and process conditions are applied to worn surfaces
of cylindrical machine components, optimal wear resistance is achieved at specific microstructural states
characteristic of each case. The variation of microhardness and microstructure along the height of the
deposited layer can therefore serve as indirect indicators of the durability of the restored surfaces, depending
on the prevailing wear conditions.

A comparative analysis of the microhardness and microstructure of the deposited weld metal coatings
was performed. To evaluate the influence of the aforementioned factors, metallographic cross-sections were
prepared. These were obtained from specimens deposited under CO: shielding (with and without electrode
wire vibrations) and under a flux layer (submerged arc welding), using an electrode wire with a diameter of &
= 1.6 mm. Table 2 presents the corresponding deposition velocity, voltage, and electrode wire feed rate for
the different weld deposition methods.

Table 2
Deposition parameters for different weld deposition methods

Weld deposition method

CO: shielding with wire CO: shielding without wire

vibrations vibrations Under flux layer

Velocity of weld coating deposition Vwcd [m/min]

1.0 | 0.8 | 0.8
Voltage of weld coating deposition Uwcd [V]
20 | 22 | 28

Velocity of electrode wire supply Vews [M/min]

23 | 23 | 23

During the preparation of the cross-sections, the samples were polished and etched using a 3% nitric
acid solution (nital). Microhardness across the depth was measured on the prepared cross-sections.

Microhardness measurements of the weld overlay coatings were performed using a PMT-3
microhardness tester (Fig. 1a) with a load of 100 g. The measurements were carried out along the thickness
of the deposited layer (Fig. 1b). In the near-surface region of the deposited weld metal, the measurement
spacing was |2 = 0.25 mm, while at greater depths it was I+ = 0.50 mm. In the heat-affected zone (HAZ) and
the base metal, the measurement spacing was maintained at I> = 0.25 mm.
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Fig. 1 - Microhardness tester (a) and schematic diagram of the microhardness measurement path (b): 1 —
measurement control point; 2 — weld metal; 3 — base metal; |1 and |2 — distances between measurement points.

RESULTS AND DISCUSSION
Figure 2 presents one of the specimens with deposited weld coatings.

Gl SR L 4 2T

Fig. 2 — Specimen with deposited weld coating

The variation of the weld deposition current, /ucq, as a function of the electrode wire feed rate, Veus, is
presented in Figures 3-5. The increase in welding current with increasing wire feed rate is attributed to the
higher heat input required to melt the larger amount of filler metal. A similar trend is observed with increasing
electrode wire diameter. An increase in weld deposition current corresponds to an increase in both electrical
and thermal power. In general, the highest current values are observed during deposition under a flux layer
(submerged arc welding), while the lowest values are obtained during deposition in a CO, shielding
environment with electrode wire vibrations. In the latter method, the maximum electrode wire diameter cannot
be utilized due to technological limitations.
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Fig. 3 - Variation of weld deposition current /wca as a function of electrode wire feed rate Vews during weld
deposition under CO; shielding gas with electrode wire vibrations
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Fig. 4 - Variation of weld deposition current luwcq as a function of electrode wire feed rate Vews
during weld deposition under CO; shielding gas without electrode wire vibrations
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Fig. 5 - Variation of weld deposition current lwcq as a function of electrode wire feed rate Vews
during weld deposition under a flux layer

The range of variation of the electrode wire feed rate is determined by identifying the limits at which
minimal current fluctuations and proper weld bead formation are ensured (Table 3).

From the results presented in Figures 3-5 and Table 3, it can be observed that the welding current
increases with increasing electrode wire feed rate. Depending on the electrode wire diameter and the
deposition method, the variation range of the wire feed rate, and consequently the welding current, differs. At
the lower limit of the current range, the arc power required for stable ignition and maintenance may be
insufficient. Additionally, at low wire feed rates, the self-regulation mechanism of the arc may be disrupted,
leading to a rapid increase in arc length and eventual arc extinction. This results in a significant deterioration
in process stability and weld bead quality. The upper limit of the current range is reached when the current
density attains values that disrupt the arc self-regulation mechanism. In this case, the electrode wire feed rate
exceeds the melting rate, leading to process instability.

Table 4 presents summarized results from the statistical analysis conducted to determine the stability
limits of the weld deposition processes. High coefficients of determination (R? = 0.952) were obtained for all
investigated methods, indicating a strong correlation and high reliability of the proposed linear models. The
resulting p-values (p < 0.001) confirm that the relationship between welding current and electrode wire feed
rate is statistically significant and governed by a consistent physical relationship within the selected operating
range. This level of statistical accuracy enables reliable prediction of energy parameters, which is essential for
ensuring consistent weld quality in automated deposition processes.
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Table 3
Stability limits of weld deposition processes for different methods
Weld deposition method
CO: shit_eldin_g with wire CO: shielding without wire Under flux laver
vibrations vibrations y
Z=1.0 mm
Vews [Mm/min] Vews [m/min] Vews [m/min]
15 | 20 | 25 18 | 23 | 30 | 15 | 23 | 30
lwed [A] lwea [A] Iwed [A]
70 | 90 | 110 o0 | 110 | 130 90 | 130 [ 150
g=1.2mm
Vews [m/min] Vews [m/min] Vews [m/min]
15 2.0 25 15 2.0 25 15 2.0 25
lwea [A] lwea [A] lwea [A]
g0 | 110 | 140 100 | 130 | 170 | 8o [ 110 [ 140
Z=1.6 mm
Vews [m/min] Vews [m/min] Vews [m/min]
15 | 20 | 25 15 | 20 | 23 13 | 18 | 23
lwea [A] lwea [A] lwea [A]
110 | 140 [ 180 | 120 | 170 | 200 | 120 | 190 | 200
@ =2.0mm
Vews [m/min] Vews [m/min] Vews [m/min]
] ] ) 13 18 2.3 1.1 15 2.0
lwea [A] lwea [A] Iwed [A]
- - ] - 120 170 220 | 160 | 200 | 260
Table 4

Summary of statistical analysis for determining the stability limits of weld deposition processes

Weld deposition Wire diameter Rearession equation R? value
method g, mm g q P
CO, shieldi ith 1.0 lwed = 6.414 + 40.191Vews 0.972 0.002
2 shielcing wi 1.2 lwea = -27.134 + 70.076Vews | 0.992 | < 0.001
wire vibrations
1.6 lwed = 8.296 + 67.675Vews 0.992 < 0.001
o 1.0 lwed = 31.221 + 33.525Vews 0.956 0.004
CO: shielding 12 lwea = -12.102 + 71.338Vews | 0.974 | 0.002
without wire —
vibrations 1.6 lwed = -10.147 + 88.235Vews 0.990 0.005
2.0 lwed = -26.975 + 111.783Vews | 0.996 < 0.001
1.0 lwed =37.223 + 39.440Vews 0.952 0.001
1.2 lwed = -4.151+ 81.132Vews 0.997 < 0.001
Under flux layer
1.6 lwed = 22.739 + 91.720Vews 0.993 <0.001
2.0 lwed = 30.008 + 100.011Vews | 0.998 0.001

Figure 6 illustrates the main microstructural constituents of the weld overlay coatings obtained using
the investigated deposition methods. The deposited weld metal is located in the upper part of images “a” and
“b”, and in the upper-left region of image “c”. Beneath this region, the heat-affected zone (HAZ) and the base
metal can be observed.

Table 5 presents the microhardness distribution across the coating depth for the different weld
deposition methods. The values corresponding to the HAZ are highlighted in bold.
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Figures 7—9 show the variation of microhardness in the deposited metal, the heat-affected zone (HAZ),
and the base metal for the investigated weld deposition methods.

55

¢)

Fig. 6 - Metallographic cross-sections at 170x magnification: (a) weld deposition under CO; shielding gas with
electrode wire vibrations; (b) weld deposition under CO, shielding gas without electrode wire vibrations;
(c) weld deposition under a flux layer

Microhardness distribution across the coating depth for different weld deposition methods Table s
Weld deposition method
Measurement depth co. shi(_eldin.g with wire | - C0, shielding without Under flux layer
L [mm] vibrations wire vibrations
Microhardness [HV]
0.25 321 378 402
0.50 321 378 400
0.75 313 348 389
1.25 321 339 400
1.75 305 348 389
2.25 321 339 389
2.50 340 348 438
2.75 358 358 451
3.00 368 390 438
3.25 358 389 451
3.50 348 375 412
3.75 313 356 400
4.00 231 353 368
4.25 241 241 235
4.50 235 258 233
4.75 231 231 231
5.00 235 235 235
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Fig. 7 - Variation of microhardness across the coating depth during weld deposition under CO, shielding gas
with electrode wire vibrations
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Fig. 8 - Variation of microhardness across the coating depth during weld deposition under CO, shielding gas
without electrode wire vibrations
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Fig. 9 - Variation of microhardness across the coating depth during weld deposition under a flux layer

The analysis of microhardness results indicates that, during weld deposition under a flux layer, the
variation of microhardness within the deposited metal is significantly lower than that observed during deposition
under CO: shielding gas. This more uniform microhardness distribution is directly related to improved durability
of the restored surfaces, depending on the dominant wear mechanism. Higher microhardness values are
generally associated with increased wear resistance. The heat-affected zone formed during deposition under
a flux layer is larger than that obtained under CO:2 shielding gas. This can be explained by the higher effective
arc power associated with submerged arc welding, which results in greater heat input.
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In addition to the parameters governing process stability, the welding current is also constrained by
the diameter of the component and the length of the weld pool. The allowable weld pool length, Lwcdp, is a key
limiting parameter in the weld deposition of cylindrical components with different diameters, as it determines
the feasibility of applying a given method under specific operating conditions. Only those electrode materials
and deposition methods for which the allowable weld pool length, and correspondingly the welding current, fall
within the stable operating range are suitable for application. When multiple methods or operating modes are
feasible, the preferred choice is the one that ensures the highest productivity. Therefore, it is necessary to
establish functional relationships between the controllable process parameters and the limiting factors
described above.

CONCLUSIONS

As a result of the experimental investigation carried out using three different methods, the stability
limits of weld overlay deposition processes applied to worn cylindrical steel components of agricultural
machinery were determined. The lower and upper limits were established with respect to the electrode wire
feed rate (from 1.1 m/min to 3.0 m/min, depending on the method and electrode diameter) and the
corresponding welding current (from 70 A to 260 A).

It was established that, in general, the highest welding current values, and consequently the greatest
thermal input to the restored components, are observed during deposition under a flux layer. One of the
contributing factors is the presence of slag formed during flux melting, which acts as thermal resistance and
reduces heat dissipation to the environment.

The microstructure and microhardness of the weld overlay coatings obtained by the three investigated
methods were analyzed. The results show that the highest microhardness values are generally observed in
the heat-affected zone, reaching up to 451 HV for deposition under a flux layer, while the lowest values are
found in the base metal (minimum 231 HV). The highest microhardness of the deposited metal is also achieved
in the case of deposition under a flux layer (up to 402 HV). Furthermore, for this method, the variation of
microhardness across the coating depth is the smallest (13 HV), compared to 35 HV for CO:2 shielding with
wire vibrations and 39 HV for COz2 shielding without wire vibrations. This indicates that deposition under a flux
layer provides the highest wear resistance of the deposited metal, as well as greater uniformity of properties
across the coating thickness. Consequently, this method ensures more consistent performance when restoring
components with varying degrees of wear on their working surfaces.
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