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This study focuses on the restoration of large-module gear teeth of ball mills using the electroslag welding method,
with an emphasis on practical results and mathematical modeling. The research established that optimal electroslag
welding conditions are achieved by stabilizing key process parameters, such as current strength, slag bath volt-age,
and cooling water flow rate. For high-quality welding of gear teeth with a module of 20 mm, the following parameters
are recommended: current strength 1=362.5 A, slag bath voltage U=73.25-74 V, and water flow rate Qw=3-3.5 I/min.
These parameters ensure minimal roughness and the required hardness of the welded teeth. Mathematical modeling
provided equations linking welding modes with the roughness and hardness of the welded teeth. The presented
experimental data are highly relevant for the scientific com-munity and enterprises involved in the restoration of large-
module gear wheels. The results hold significant practical value as they enable enterprises to reduce restoration
costs and enhance the durability of components.

Keywords: electro-slag surfacing, large-module gears, planning of multifactor experiment, crystallizer, roughness,
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HIGHLIGHTS

— Optimal electroslag welding of gear teeth is achieved by stabilizing current, voltage, and water flow.
— Recommended welding mode (I =362.5 A, U =73.25-74 V, Qw = 3-3.5 I/min) ensures high-quality surfacing.
— Mathematical modeling establishes links between welding parameters and tooth roughness and hardness.

— Stable electroslag welding conditions reduce defects and increase durability of restored large-module gear
teeth.

1 Introduction

Ball Drum Mills (BDM) (Fig. 1) are widely used for grinding coal and other materials in pulverizing systems of thermal
power plants.

Fig. 1. Ball drum mills (scale 1:1000) [1]

However, the wear [2] of gear wheels, especially the drive pinion (Fig. 2), leads to significant economic and technical
challenges [3], including disruption of component interactions, increased vibrations, and the possibility of sudden
failures [4]. As a result of wear, tooth abrasion and breakage occur, and the initial dimensions (Fig. 3a) and shapes
(Fig. 3b) are altered.
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Fig. 2. Ball drum mill drive (scale 1:1000) [1]
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b) broken teeth of the gear wheel
Fig.3. Types of wear on the gear teeth of a ball drum mill

Existing methods for tooth restoration [5] include machining, welding [6], and other approaches [7]. Despite their
application, the insufficient study of the influence of electroslag welding modes on the quality of the deposited layer
and the mechanical properties of teeth hinders the development of optimal restoration methods, particularly for large-
module gear wheels.

In this study, a comprehensive analysis of the influence of electroslag welding parameters on the quality of large-
module gear teeth is presented, integrating experimental investigation, thermal considerations and statistical
modeling.

2 Materials and methods
2.1 Experimental setup and materials

Laboratory installation for electro-slag surfacing (Fig.4) consists of welding tractor ADF-1005 Ural, crystallizer (4)
with connections (7 and 8), and water meter for water consumption control. Electroslag surfacing begins with the
supply of electric current from the power source 6, after which the necessary parameters of the operating mode are
set from the control panel (1). The welding wire (3) with a diameter of 3 mm of grade Sv08G2S, fed from the cassette,
passes through the mouthpiece. The mouthpiece is used when the volume of deposited metal exceeds 10 mm3 [8].
The material of the mouthpiece was selected depending on the material of the restored gear, with a diameter of 6
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mm, and AISI 304 was used. The gap between the fusion zone and the center of the welding wire is 25mm. The
crystallizer (4) is fixed using a special clamp. In the working area of the crystallizer from a container (5) is fed flux OX
Flux 10.71 to ensure the cladding process. After preparing the device, the melting process is started by pressing the
“Start” button on the control panel. Technical characteristics of the welding tractor are given in Table 1. OK Flux 10.71
belongs to neutral aluminosilicate fluxes of the CaO-Al,0;—SiO, system, providing the required electrical conductivity
of the slag pool and a stable thermal regime during electroslag surfacing. lts composition promotes the formation of
a homogeneous deposited metal, ensures efficient slag detachability and significantly improves wettability during the
restoration of alloyed steels.

In the electroslag surfacing process, a shaped crystallizer [9] was used to form the restored tooth profile. The design
incorporates a working cavity that reproduces the involute geometry of the gear tooth and a forced water-cooling
system with inlet and outlet channels that stabilize the temperature during deposition.

The surfacing current strength was determined based on the technical specifications of the ADF-1005 'Ural’ welding
machine. The current values were set depending on the module of the surfaced tooth and the length of the crystallizer.
Optimal current values were established experimentally. The current strength was controlled via the welding
machine's control panel, where the required parameters were set, and during the experiment, the values were
monitored visually.

Fig. 4. Laboratory installation for electro-slag surfacing of large-module tooth samples: 1 - control panel, 2 - bracket
for height adjustment, 3 - surfacing wire, 4 — crystallizer, 5 - flux container, 6 - power source, 7 - connector for water
hose connection, 8 - connector for water supply

Table 1. Characteristics of welding tractor ADF -1005Ural

Indicator name Numerical data
Power supply voltage, V 380
Maximum welding current, A 1000
Frequency, Hz 50/60
Welding current adjustment range, A 200 - 1000
Number of welding heads 1
PV at max current, % 100
Welding speed, m/min 0.3-1.0
Wire diameter, mm 3.0-5.0
Spool weight, kg 20
Tractor supply voltage, V 110
Welding head tilt, © +45
Tractor weight, kg 54
Wire feed speed, m/min 0.3-25

2.2 Control and monitoring of process parameters
2.2.1 Welding current control

The Current Strength was determined based on the technical specifications of the welding machine. The current
values were set depending on the module of the welded tooth and the length of the mold. Optimal current values

677


http://www.engineeringscience.rs/

Journal of Applied Engineering Science

Vol. 23, No. 4, 2025 ;
Wwww.engineeringscience.rs publishing

Toty Buzaova et al. - Gear teeth of ball mills: wear,
restoration, and mathematical modeling

were established experimentally. Current control was carried out through the control panel of the welding machine,
where the required parameters were set, and during the experiment, monitoring was performed visually (Table 2).

Table 2. Technical specifications of the welding machine ADF-1005 "Ural"

Equipment Welding machine ADF-1005 "Ural"
Range 350-400 A
Control Visual. Every 2—3 minutes via digital display.
Measurement Accuracy 5 A

2.2.2 Slag bath voltage evaluation

Slag bath stress is a determining factor in electro-slag surfacing, affecting both the stability of the process and the
amount of penetration of the base metal. The voltage was not measured directly but was determined using a
calculation method based on the current strength and system characteristics [10]:

_1000(16vm — 45)

1I.B. I

1)

Where m - module of the cladding tooth, mm.
| - current intensity, A.

2.2.3 Control of water flow for mold cooling

In the electro-slag surfacing process, the crystallizer is used to form the clad metal by the specified shape. The
greatest importance for ensuring the stability of the electro-slag process and the high quality of the welded and base
metal joint is a stabilization of slag bath temperature. For this purpose, it is necessary that the amount of heat
released in the slag bath and given off by it is equal (Fig.5). Violation of the balance of heat supply and consumption
can lead to overcooling of the slag bath and its boiling, which sharply reduces the amount of heat used for the melting
of electrode and base metals.

To control the cooling water flow rate in the experiment we used a water meter “Proteus-15C”, with a division value
of 0.001m3, installed in the sanitary room of the laboratory, (Table 3).
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Fig. 5. Crystallizer cooling diagram: 1 — valve, 2 — water meter, 3, 7 — hose connection fittings, 4 — cooling channels
in the cover and crystallizer, 5 — crystallizer, 6 — cover, 8 — water temperature control sensor

Table 3. Technical data and supply scheme of “Proteus-15C”

Equipment Water meter “Proteus-15C”
Graduation value, m3 0,001
Measurement range, I/min 25-45

Water was supplied through hoses from the meter to the mold, ensuring

Supply scheme uniform cooling of the slag bath.

To ensure water supply to the crystallizer from the meter, hoses were connected: one for water supply and the second
for drainage. This scheme allowed effective regulation of the cooling-water amount. Direct temperature measurement
inside the slag pool is technically impossible due to the extremely fluid and high-temperature molten slag. Therefore,
the thermal regime was monitored indirectly by regulating and measuring the cooling-water flow, which ensured the
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stability of the slag bath during electroslag surfacing. During the experiment, the meter readings were stable, which
contributed to uniform cooling and a stable overlay process.

2.3 Measurement methods

Surface Roughness plays a key role in ensuring the functionality [11], durability [12], and quality of gear transmissions
[13]. It not only affects performance characteristics (e.g., contact fatigue and friction) [14] but is also associated with
the presence of defects that arise during the welding process. Controlling surface roughness allows for:

1. Reducing the Risk of Defects: High roughness often indicates issues in the welding process, such as
incomplete fusion or slag inclusions. Managing welding parameters helps minimize the likelihood of these
defects.

2. Ensuring Even Material Distribution: This is critical for preparing the surface for machining, reducing the
volume of material to be removed, and improving productivity.

3. Reducing Processing Costs: Minimizing the layer for mechanical finishing lowers material and time costs and
reduces wear on cutting tools.

Thus, studying and managing surface roughness during the welding stage is an essential part of the overall approach
to ensuring the quality of restored gear wheels.

According to [15] surface roughness is evaluated by one of the following parameters: Ra - arithmetic mean deviation
of the profile; Rz — the height of irregularities of the profile at ten points; Rmah - the highest height of the profile. This
study considers the arithmetic mean deviation of the profile - Ra. The length of the section used to assess roughness
is called the base length, it was taken for the dividing diameter within 0.8mm, and for the top of the tooth - 8mm by
the roughness of the working drawing of the gear [16].

Determination of roughness parameters was carried out in a portable meter TR 220 (Fig. 6), the measuring range of
the sensor needle was +80 microns, and visually by comparing the surface with roughness standards. The meter
calculates roughness parameters and displays all measured parameters on the LCD screen. The surface roughness
was evaluated in the direction that gives the highest roughness after EAF, namely in the direction of the slagging
process. When evaluating the surface roughness of the teeth surface, both longitudinal (along the tooth) and
transverse (along the tooth height) directions were measured (Fig.7). For reliable roughness evaluation taking into
account the registration of the device readings, the roughness parameters were determined at the base areas and
the arithmetic mean value was taken as the measurement result.

.

Fig. 7. Schematic of tooth surface roughness measurement; i - longitudinal direction of tooth, j - transverse
direction of tooth profile
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2.3.1 Determination of tooth surface hardness

Hardness was measured by the Rockwell method at +20 °C (Fig. 8) using a Mitutoyo HV-100 hardness tester with a
diamond indenter at a depth of 0.2 mm [17]. In the course of hardness measurement, measurements were made
both on the working surfaces of the tooth and in its middle part. Within the framework of mathematical planning, the
hardness values of the working surfaces of the tooth (B) were taken into account, and the hardness of the top and
middle part (A) served as an indicator for controlling the stability of the surfacing process (Fig. 9).

Fig. 9. Tooth hardness measurement scheme:

Fig. 8. Mitutoyo hardness tester

d- dividing diameter

2.4 Design of experiment and mathematical modeling

The qualitative parameters of the clad tooth are affected to a greater or lesser extent by a large number of factors in
the surfacing process. According to the methodology given in, a combined square for a three-factor complex was
constructed. The intervals of variation of the factors were chosen by experiments in such a way that monotonic
changes in the studied indicators of the quality of the clad tooth surface were obtained within these limits. The design
of the three-factor experiment at five levels is shown in Table 4.

The need for a method of rational planning of experiments arises when one has to deal with a large number of
influencing factors since it is almost impossible to test all possible combinations of these factors on experience due
to the huge number of such combinations [18].

Table 4. Three-factor experiment plan

Arguments
Numbers

X1 X2 X3
Limits from 350 76 2,5
to 400 66,4 4,5
Level 1 350 76 2,5

No. values 2 362,5 73,25 3
of tests 3 375 70,8 3,5

4 387,5 68,5 4
5 400 66,4 4.5

Function numbers . .
v Ys Argument values in experiments

1 10 26,2 350 76 2,5
2 9,2 27,7 350 76 3,5

3 7,9 26 350 76 3
4 9 29 350 76 4.5

5 8,6 28,7 350 76 4
6 9,2 30,6 362,5 73,25 2,5
7 7,9 34,8 362,5 73,25 3,5

8 7,5 32 362,5 73,25 3
9 11,4 31,6 362,5 73,25 4.5
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10 11,1 334 362,5 73,25 4
11 11,6 33 375 70,8 25
12 12 31,3 375 70,8 35
13 11,8 33,8 375 70,8 3
14 13 35 375 70,8 4,5
15 12,8 35,7 375 70,8 4
16 13,1 32,78 387,5 68,5 25
17 13,8 30,78 387,5 68,5 35
18 13,5 30,9 387,5 68,5 3
19 14,1 29,2 387,5 68,5 4,5
20 14 30,1 387,5 68,5 4
21 14,3 25,7 400 66,4 25
22 15,1 25 400 66,4 35
23 14,9 25,3 400 66,4 3
24 15,7 24,6 400 66,4 4,5
25 15,5 24,98 400 66,4 4

The variable factors are Xi1 - current strength, A; Xz - slag bath voltage, V; Xs - water flow rate, I/min. The following
parameters of the clad coarse-modular tooth were investigated:

— Y1 -the roughness of the clad tooth Ra, microns;
— Y2 - hardness of the tooth according to Rockwell HRC.

Based on the experiments conducted with the modes given in the plan, the following specimens of 30HGSA steel
were obtained (Fig. 10).

Fig. 10. Clad tooth samples

All samples, with a modulus of 20 mm were made of 30HGSA steel and obtained under different cladding modes as
specified. The most typical results from 25 experiments are presented:

— No. 1,2 samples (I=350 - 362,5 A; U =76 V; 73,25 V; Qw = 2,5 and 3 I/min);

— No. 3 sample (modes | =362,5- 375 A; U =70V, 68,5 V; Qw = 3,5 I/min);

— No. 4 sample (modes | =400 A; U = 66,4 V; 68,5 V; Qw = 2,5 I/min);

— No. 5, 6 samples (modes | = 387,5-400 A; U= 68,5-66,4 V; Qw = 3,5 - 4,5 I/min);

— No. 7 sample (modes | = 362,5-375 A; U = 70,8-73,25 V; Qw = 3 - 3,5 I/min).

3 Results and discussion

The results of the multivariate experiment were processed using the ANETR-5 software. The program implements
standard statistical procedures for multifactor experimental design, including regression fitting, calculation of the
Fisher criterion, Student’s t-test and residual variance analysis, which together ensure statistically reliable model
construction and evaluation. The method is universal both in terms of application area and in the variants of model
construction: models can take the form of sums, products of partial dependencies or their combinations, with
consistent neutralization of the influence of those arguments that would traditionally be excluded from the analysis
as statistically insignificant according to the Fisher criterion.

The method is deterministic, i.e. it allows to limit the choice of the model by known data on the theory of the process
(type of equation, limits, etc.). at the output, the program, besides the analytical character of the partial relations,
gives their graphs, and reliability estimation, ranks the factors by the strength of interaction on the results, and allows
to single out significantly influencing factors [19].

We evaluate the degree of adequacy of the found models to the initial data through RMS:
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D (Ye = Yr)z
N—1
RMS% = 100 Y ——=— 2
2(Yg — Yp)?
N—1

where Ye — an experimental value of the function (quality parameter of the clad tooth);
Yr - calculated value of the function;

Y, - average value of the function;
N - number of experiments.

At each stage, in addition to the RMS between the initial data and the calculated data, the multiple correlation
coefficient R and Fisher's criterion F are calculated [20].

According to the literature, the model is considered excellent if the RMS is less than 20% and good if the RMSD is
between 20% and 50%.

Taking into account the types of generalized equations and equation coefficients, we obtain the following
dependencies linking the modes of surfacing parameters with the quality of the clad tooth:

a) Y1 - the roughness of the clad tooth Ra, pm
Y; (X1, X5, X3) = 2,459 - 1072 - 0124%1 4 0,492 - X, — 1,937 - 10™* - X2 + 0,145 - X; — 28,47 3)

RMSD = 35.68%. Multiple correlation coefficient: R=0.924.

The calculated Fisher's criterion F = 7.82749 is obtained greater than that for 1% significance level F (001) = 2.63605
and for 5% F (005) = 1.97744.

b) Y2- hardness of the tooth according to Rockwell HRC.

18227.4
Vy(Xy, X3, Xg) = ————+0,688 X3 — 3,273 - 107> - X} +3,126 - X, + 6,53 4)

1

RMSD % = 34.34%. Multiple correlation coefficient: R=0.903.
The calculated Fisher's criterion F=8.47896 is greater than for 1% significance level F (001) =2.63605 and for 5%
significance level F (005) = 1.97744

The obtained mathematical models, linking the quality of the clad tooth with cladding modes, allow for control of the
quality parameters of the clad tooth, providing high parameters and operational properties of the gear.

3.1 Statistical reliability and measurement uncertainty analysis

To evaluate the reliability of the obtained experimental data, measurement uncertainty was assessed based on the
accuracy of the TR220 roughness tester and the Wilson VH1150 hardness tester. Standard deviation, coefficient of
variation and confidence intervals were calculated for each experimental point.

A residual analysis was conducted to verify the adequacy of the regression model. The residual plot for hardness
(Fig. 11) shows a random distribution without visible patterns, indicating the absence of systematic errors. The
histogram of residuals for Ra (Fig. 12) demonstrates an approximately normal distribution, which confirms that the
assumptions of normality and independence are satisfied.

Residual analysis for HRC

*
2
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T ° ® o *
.a 0 ® ™
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L
1 °

Predicted HRC
Fig. 11. Residual plot for hardness (HRC)
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Fig. 12. Histogram of residuals for surface roughness (Ra)
3.2 Model quality assessment

A series of experiments was conducted to validate the proposed mathematical model. Experimental data obtained
under various welding conditions (current strength, slag bath voltage, coolant flow rate) were compared with the
calculated values for surface roughness (Ra) and hardness (HRC). The root mean square deviation (RMSD) between
the experimental and calculated data was 35.68% for Ra and 34.34% for HRC. High multiple correlation coefficients
(R =0.924 for Ra and R = 0.903 for HRC) demonstrate good agreement between the model predictions and the
experimental data. The Fisher criterion confirms the statistical significance and adequacy of the model, as the
calculated F values exceed the critical levels for the 1% and 5% significance thresholds.

The electroslag surfacing process is characterized by strong non-linearity, high thermal gradients and metallurgical
variability, which inherently increase the dispersion of experimental results. Under such conditions, RMSD values in
the range of 30—35% remain acceptable for representing general process behavior [21]. The statistical diagnostics
performed—including the analysis of residuals and the assessment of distribution shape—further support the
adequacy and reliability of the obtained model.

3.3 Comparison with existing models

An analysis of the literature [22, 23] revealed that existing studies on gear tooth restoration using various methods
are primarily focused on general aspects of restoration and metal welding, such as strength limits, microstructure
analysis, and the combined effects of residual stress and hardness gradient on the contact fatigue properties of tooth
surfaces. However, no specialized studies were found that focus on modeling and controlling the welding processes
of large-module teeth, especially with regard to controlling the roughness (Ra) and hardness (HRC) parameters of
the welded metal.

3.4 Convergence of results with changing initial conditions

To test the stability of the proposed model, calculations were performed under various initial conditions, such as
changes in current strength, slag bath voltage, and coolant flow rate. The results showed that the model remains
adequate and demonstrates stable convergence when the initial parameters vary within ranges typical of standard
welding modes. The maximum deviation of calculated values from experimental ones under changing conditions was
no more than 5-10%, indicating the high reliability of the model for controlling the welding process.

We reveal regularities and dependencies between roughness parameters (Fig. 13) and the hardness of the clad tooth
from the cladding mode (Fig. 14).
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Fig. 14. Graph of change of current value at slag bath voltage U=76V

In electro-slag surfacing (Fig.15), a perfectly smooth surfacing surface cannot be obtained; it is more similar to the
surface of a casting (Fig.16). In improving the tooth surfacing technology, the authors aimed to achieve minimal
surface roughness.

Fig. 15. Tooth surfacing process: 1 - fused tooth, 2 — crystallizer, 3 - cooled cover
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Fig. 16. Roughnesses on the surface of the clad tooth at regimes I= 362.5 - 375 A; U= 70 - 68.5 V; Qw=3.5 I/min

During electro-slag surfacing, heat is generated intensively. The water in the cooling system helps to dissipate this
heat. If the water flow rate is reduced to optimum levels, cooling is sufficiently fast to reduce the chance of rough
surface finishes. However, if the flow rate is reduced too much (less than 3 I/min), the cooling is insufficient to maintain
a stable temperature in the surfacing zone, resulting in overheating and poor surface finish. When the metal is
overheated due to insufficient cooling, the microstructure of the cladding layer changes. In this undesirable structural
changes such as grain enlargement, pore formation, and cracking are observed. This can also deteriorate the surface
properties and its roughness. During experimental studies, it was observed that every time the crystallizer cooling is
increased up to 4.5 I/min it leads to a rough surface defect in the form of ducking or corrugation (Fig.17).

Increasing the welding current (up to 400A) leads to an increase in the roughness height and hardness in the middle
part of the clad tooth (4 samples).

Fig. 17. Defects in the form of corrugation on the tooth surface at the mode: 1= 387.5-400 A;U= 68.5-66.4 V; Qw
=3.5-4.5 I/min

With increasing slag bath voltage, a decrease in roughness parameters is observed (Fig. 13). This phenomenon is
related to the fact that increasing slag bath temperature leads to thinning of garnish crust and improvement of its
forming properties. The pitch and height of roughnesses decrease as the water flow rate decreases (3 - 3.5 I/min).
The change in water flow rate in the cooling system is related to heat generation and cooling of the clad metal. At
insufficient cooling in the maximum current value, the material undergoes additional thermal deformations.
Inhomogeneous shrinkage (#1, 2, 3, 5) and thermal stress arise, which leads to the formation of irregularities and
deterioration of surface characteristics (Fig.16).

4 Conclusions

The optimal surfacing mode is characterized by complete process stability, eliminating short-term disruptions. This
is achieved by stabilizing electrical and technological parameters (current strength, slag bath voltage) and processing
a significant amount of experimental data. As a result, high-quality surfacing of the gear tooth is ensured, with a
surface roughness of Ra 7.5-9 um and hardness of 34-36 HRC. The following surfacing parameters are
recommended:

1. Current strength, |1 = 362.5 A.
2. Slag bath voltage, U = 73.25-74 V.
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3. Water flow rate, Qw = 3-3.5 I/min.

As a result of the conducted research, it has been established those optimal modes of electroslag surfacing are
achieved by stabilizing key process parameters (current strength, slag bath voltage, and water flow rate). These
parameters ensure high-quality surfacing of gear teeth with minimal surface roughness and the required hardness.

It was revealed that the stabilization of electrical and technological parameters, such as current strength and slag
bath voltage, allows for the elimination of short-term process interruptions. This, in turn, contributes to the formation
of a smoother and more stable surface with a roughness of Ra 7,5-9 um, meeting high surface quality standards for
gear teeth.

The established surfacing modes (I = 362.5 A; U = 73.25-74 V; Qw = 3-3.5 I/min) ensure not only optimal heat
dissipation and uniform cooling but also help prevent overheating and structural defects such as pores, cracks, and
grain enlargement, which could negatively affect the wear resistance and durability of the teeth.

It was experimentally confirmed that increasing the current strength to 400 A and above leads to increased thermal
deformations and surface defects such as wrinkling and shrinkage. This highlights the importance of maintaining
current strength within the range of 362.5-375 A to ensure a high-quality result.
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