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Abstract: Stresses in surfaced gear teeth, particularly at the interface between the base metal and the surfaced
layer, have consistently drawn scientific interest. However, a review of the literature revealed that these ques-
tions remain unanswered. Until now, the stress-strain state of surfaced gear teeth has not been thoroughly in-
vestigated. In this regard, the issues addressed in this article are both relevant and of significant scientific inter-
est. The paper focuses on the calculation of cylindrical gear transmissions using analytical and numerical meth-
ods to determine contact and bending stresses. The results of analytical calculations are compared with numer-
ical modeling data obtained using the Ansys Workbench software environment. A comparative analysis of the
results is conducted, and discrepancies between the calculations are identified. Special attention is given to the
analysis of stresses in surfaced gear teeth compared to solid ones. Unlike standard calculations for solid gears,
this study focuses on the stress-strain state of surfaced teeth, taking into account their operational properties.
For a more detailed analysis, the concept of the 'tooth contact angle position' is introduced, which allowed for
an in-depth investigation of its stress-strain state. The obtained results help identify the specific behavior of
restored teeth under load, which is particularly relevant for developing gear transmission restoration technolo-
gies and assessing their durability. Considering the operational properties of surfaced teeth enables a more ac-
curate evaluation of their strength characteristics. This study is aimed at assessing the strength properties of gear

transmissions with surfaced teeth and can be used to optimize their design.

Keywords: stress-strain status; slow-speed gears; clad tooth; electro-slag cladding; contact stress; tooth position

angle; meshing pole; finite element method

1. Introduction

During the operation of open gears, abrasive wear is often observed, eventually leading to tooth
breakage. For small-modular and medium-modular worn gears, it is usually practiced to replace
them with new ones. However, repairing large-modular gears (Figure 1) operating under low-load
(low-speed) conditions is more appropriate.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Kinematic diagram of a drum ball mill. 1) electric motor; 2) couplings; 3) friction bearings;.4) cylindrical

reducer; 5) sliding bearings; 6) drive gear; 7) tooth ring; 8) mill housing.

One of the effective methods for restoring individual worn or broken large-module teeth is elec-
tro-slag surfacing [1]. Electroslag surfacing is a restoration method in which the worn tooth is com-
pletely removed, and on the prepared surface, under a layer of slag using a crystallizer of the appro-
priate shape, a material corresponding to the chemical composition of the gear is applied. During the
cladding process, a new tooth is formed, which restores the original mechanical properties of the gear
wheel. Restored teeth are teeth that have been damaged during the operation and restored using the
electro-slag surfacing method to extend the service life of gear wheels [1].

The stress-strain state of a clad tooth is of scientific interest. The study of the stress-strain status
(STS) of gears plays a key role in designing durable and efficient mechanisms used in mechanical
engineering, energy, and aerospace industries. The conducted literature review covers 41 scientific
papers that analyze the influence of various factors on the STS of gears, including tooth geometry,
material properties, processing methods, and types of loads. The main purpose of the analysis is to
summarize existing approaches, identify trends and gaps, and identify avenues for further research.
Traditional analytical models, such as Lewis’s formulas for bending stresses [2, 3] and Hertz's formu-
las [4, 5] for contact stresses, remain the basis for calculating the strength of gears. These approaches
are used for initial stress evaluation, especially in the early stages of design. However, their applica-
tion is limited due to simplifications such as the assumption of ideal tooth geometry and uniform
load distribution.

The finite element method (FEM) dominates among modern approaches to STS analysis. It al-
lows for the modeling of complex geometries and the consideration of real operating conditions. Soft-
ware products such as ANSYS [6-24] and SolidWorks [25] are used, which provide calculations of the
distribution of contact and bending stresses; determination of areas of maximum stress in the teeth;
analysis of the influence of tooth profile modifications (e.g., tip relief) [4]. Also, in the work [26], the
finite element method (FEM) and the Taguchi method are used to optimize engagement parameters
and reduce stresses. FEM demonstrates high accuracy of results, especially when compared with
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experimental data [27, 28]. One example is the research into helical gear transmissions with composite
profile teeth [10].

Experiments fulfill an important function of verification of numerical calculations. For example,
[29] discusses stress measurement using strain gauges, and also uses scanning electron microscope
(SEM) to analyze cracks [30]. Testing under real loads is reflected in [31]. Although experimental
studies require significant resources, they provide a sound basis for validating theoretical and nu-
merical models.

Geometric parameters such as tooth modulus [20, 28, 35], meshing angle [14, 16, 19, 35] and
crown width [29], tooth shapes [27] have a significant influence on the load distribution and durabil-
ity of gears. Studies show that increasing the meshing angle reduces bending stresses but increases
contact stresses [14, 16]. Changes to the tooth profile, such as tip relief, improve wear resistance and
reduce the stress concentration [4]. Residual stresses, and temperature changes in the teeth of plane-
tary gears [29] affecting durability and wear are discussed in [28], based on the research results the
authors propose to optimize the geometry of the teeth. Crown thickness is critical to prevent tooth
failure due to fatigue [32]. In this paper, the effect of crown thickness on the bending stresses of teeth
is studied. The results showed that a decrease in crown thickness leads to a rise in stress and an
increased risk of fatigue failure. To reinforce the strength and longevity of gears, it is advised to con-
sider the ideal crown thickness.

Modern studies compare traditional materials, such as steel, with composites, including carbon
fibers [23, 32]. Composites [32] reduce the weight of transmissions and improve stress distribution;
alloyed steels remain preferable for high-load conditions; hard-facing and quenching increase the
hardness of tooth surfaces, which is important for enhancing their durability [23]. Besides carbon
fibers, some studies mention glass fibers and polymer composites [23], which have lower strength
but provide good weight reduction. However, their application is limited due to low wear resistance.

Most of the studies [2, 5, 10, 11, 13, 17, 28, 33] focus on static loads. They are analyzed to assess
the distribution of stresses under maximum load conditions.

There is a gap since dynamic load studies are less prevalent [27, 32, 35, 36]. Dynamic loads in-
clude: variable and impact forces; the complexity of modeling dynamics requires the expansion of
approaches, such as the use of time series analysis methods or moving averages.

Real operating conditions, such as temperature fluctuations [29], wear in wedge defects [37],
deflection in spur gears [38], bevel gears [39], and measurement of static transmission error [40], are
modeled in a limited number of studies. For instance, the stress-strain state of open low-speed gear
drives is examined in work [41], where a notable unevenness in load distribution over the contact
lines' length is seen.

Also, in the work [42] on the analysis of cyclic fatigue, changes in load over time are taken into
account, which helps identify areas prone to failure.

The conducted evaluation highlights the importance of analyzing welded gear gearboxes' STS
using a thorough methodology. Finite element methods demonstrate high accuracy and are widely
used for analyzing complex structures. Research shows that material selection and geometry optimi-
zation can significantly enhance the efficiency and durability of gear transmissions. Despite the range
of methods, no research has fully investigated the stress-strain condition of welded teeth. This em-
phasizes the necessity of more study in this field.

This study examines the stress-strain status (SSS) of the surfacing teeth of slow-speed gear drives
restored by the electro-slag surfacing (ESS) method under static load. The following elements influ-
ence the decision:

Static load allows identifying stress concentrators in the welded teeth, which arise due to the
technological features of the ESS (structural inhomogeneity, residual stresses).

- Repaired teeth often operate under quasi-static loads typical of heavy machinery.

- Static analysis serves as the basis for subsequent study of dynamic impacts.
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1.1. Research Methodology
1.1.1. Patent and Literature Analysis

At the first stage of the research, a patent and literature analysis was conducted to identify ex-
isting solutions for reducing stresses in gear transmissions. This stage allowed for justifying the top-
ic's relevance and identifying gaps in existing approaches.

1.1.2. Theoretical Calculation of Bending Stresses

In the analytical part of the study, the contact calculation and bending stresses of the teeth were
performed. The main objective was to determine the theoretical stress values for subsequent compar-
ison with the results of the numerical analysis.

1.1.3. Finite Element Numerical Simulation in Ansys Workbench

ANSYS was used to perform simulations using the finite element method, which allowed for the
evaluation of analytical calculations and enabled a more detailed analysis of stress distribution. Bio-
material models were used to account for the features of the clad material and the tooth base material.
The ability to accurately determine the deformation and strength characteristics and their impact on
the tooth's stress state was facilitated. Both methods were successful in this study.

1.2. Research Methods

Patent and literature analysis, analytical method, finite element method (FEM) modeling, com-
parative analysis.

1.3. Main Part

This article examines the stress-strain state of the teeth of the drive gear of a ball mill, with par-
ticular attention paid to the comparative analysis of the stress-strain state of both the original tooth
and the one restored using the ESS method. The cylindrical gear teeth' stress-strain status research is
necessary to verify the strength of the welded tooth.

2. Theoretical Calculation of Bending Stresses

The calculation of tooth strength is recommended to be carried out according to [43]. The stand-
ard provides the main dependencies for determining contact stresses in the teeth of involute cylin-
drical gears with external meshing and coefficients that take into account the influence of various
factors on these stresses. For the kinematic scheme (Figure 1), we calculate the contact stress and the
bending strength. The considered gear (6), receiving rotation from the cylindrical gearbox (4), drives
the toothed wheel (7) (crown gear), which in turn rotates the mill drum. The purpose of the calcula-
tion is to determine the contact and bending stresses of the welded tooth. The initial data for the
calculation are provided in Table 1.

Table 1. Initial data for STS calculation.

Parameter name Designation, unit of Value
measure

Transmission ratio u 7,59

Teeth number of: z

- gears 29

- gear wheel 220

Calculated torque on the gear Tg, Nm 39226, 6

Gear rotation frequency n, rpm 136,6

Module m, mm 20
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Tooth length of:

- gear bg, mm 440
- cogwheel b, mm 430
Interaxial distance aw, mm 2490

The gear, toothed wheels, and welded tooth are made of steel 30X, and steel 30 HGSA, steel
35GL, respectively. The mechanical characteristics of the gear transmission are taken from [43, 44, 45]
and are presented in Table 2.

Table 2. Mechanical characteristics of gear and clad tooth.

Parameters Gear Clad tooth Crown
Modulus of elasticity (E), Young's 2,08*105 2,15*105 2,12*105
modulus, MPa
Poisson's ratio 0,29 0,29 0,29
Compressive strength, MPa 880 1080 515
Tensile strength, MPa 880 1080 515
Density, g/cm? 7,820 7,850 7,830
Shear modulus, MPa 80620 83333,330 82170,54
Yield strength, MPa 685 830 310

The contact stresses in the meshing pole are determined by the following formula:

o, =2,2,Z, %(Uu;l) (1)

u

where: Zu - coefficient that includes the shape of tooth surface mating in the meshing pole,
Z,, =2,5c08=2,5-1=2,5 for spur gear.

Z - coefficient that takes into account elastic properties of wheel tooth materials, Zv =192 MPa;

Ze - coefficient that includes the total length of contact lines in the meshing, Z_ =0,9 for
straight teeth.

W - specific calculated circumferential force, which is determined by the following formula:

F
W = b_t KHaKH/}KHu’

w

(2)

where Ft is the tangential force applied to the gear tooth, which depends on the transmitted torque
and the pitch circle radius of the gear, N;

bw - the width of the gear rim or the working surface of the tooth, which affects load distribution,
mm;

Kta - dynamic load factor (along the line of action), which takes into account the change in load
due to engagement errors and other dynamic factors;

K - coefficient of load across the width of the gear rim, which adjusts the load calculation tak-
ing into account the uneven distribution of load across the tooth width;

Ky - coefficient of bending load (or other types of deformation) that includes additional loads
associated with the elastic deformations of the teeth.

Circumferential force applied to the gear tooth:

__Tg
Fo =g N )

where Tg - is the transmitted torque on the gear, N/mm.
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Dg - pitch diameter of the gear, the diameter of the imaginary circle along which the load is
transmitted through meshing, mm.
The pitch diameter of the gear is calculated using the following formula:

dg=m-z, =20-29 =580 mm;

Substituting the value into formula (3), we calculate the circumferential force applied to the gear
tooth:

T, 392266
~05d, 05-0,58

As a result of the installation, the specific calculated circumferential load:

1356 106-1=3334N
430 ‘ = 3334 N/mm.

Then the design contact stresses are:

= 135264N

F

Whe =

333,4 (7,59 + 1)

= 25.192.0,9
OH 580 7,59

= 348 MPa.

Next, we will calculate the strength of the gear transmission under bending. For this, we will
determine the calculated bending stress at the base of the tooth of the gear and the wheel using the
formula:

W,
o =Y -Yﬂ-YE.ﬁ, (4)

where Yr is a coefficient that takes into account the shape of the tooth profile, which is determined by
the following formula for wheels with external teeth:

3 z, —4 1
F70,28.z -15 , 22-x’ 5)
v 1+ 4/3
Z

v

where zg =29 u zw =220 are the number of gear and wheel teeth, respectively

Y;p - -coefficient takes into account the inclination of the tooth line, Y 5= lis for straight teeth;

Ye - coefficient accounting for tooth overlap, for straight teeth Y, =1.

Coefficient accounting for additional dynamic load on the tooth K, = 1.

W specific design circumferential load, N/mm.

After substitution, we calculate the coefficient that takes into account the shape of the tooth pro-
file for the gear by formula (5):

29-4 1

= . — = 3,78;
Fg ™ 0,28.29-1,5 1+%‘; i
Zy

The coefficient that takes into account the shape of the tooth profile for the wheel:

220—4 1
= - —0 = 3,6.
0,28:220-1,5 1+4_—3
Zv/

Fc

The specific design circumferential load is calculated from the following formula:
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=
W :FtKFa KesKe, (6)

where Ft is the circumferential force applied to the gear tooth, which was calculated by formula (3);

b - gear or wheel ring width, mm;

K¢, - coefficient that includes the load distribution between the teeth, for straight teeth
KFa = KHa = 1

Kes =Kyp =106 - coefficient that includes the uneven distribution of load across the width
of the gear rims.

As a result of the substitution, the specific calculated circumferential loads on the teeth of the
gear and wheel are:

135264

Wpeg = —==1-1,06 - 1 = 3259N/mm;

Wree = === 1-1,06 - 1 = 333,4 N/mm.

Calculated local bending stresses at the base of gear and wheel tooth:

< 333,4
Ope = Ve Vg - YS.WZ =36-1-1=—"=60MPa.

3. Numerical Modeling Using the Finite Element Method (FEM)

Following an analytical determination of the gear and wheel's contact and bending stresses, we
use the numerical approach to ascertain them. The application of modern computer-aided engineer-
ing (CAE) systems provides the opportunity to effectively assess the behavior of a digital product
model and ensure its functionality based on computational methods of elasticity theory, without sig-
nificant time and financial costs. The FEM has a key advantage that allows for the precise distribution
of displacements and stresses in complex mechanical systems. In the study of the stress-strain status
(SSS) of gear transmissions, the finite element method is the most effective tool for analyzing the
interaction between the tooth profile of the gear (working surface) and the wheel rim (contact sur-
face). At the same time, the mechanical properties of materials, geometric parameters such as the
tooth module, contact angle, crown width, tooth shapes, load application characteristics, and bound-
ary conditions are considered. For the finite element method study in the ANSYS application pro-
gram, the biomaterial method was chosen (Stress and mesh stiffness evaluation of biomaterial spur
gears), because the welded tooth profile consists of the main gear material and a welded layer that
has higher hardness [1]. The biomaterial analysis method is a numerical analysis method that allows
for different materials of the tooth (base and overlay), which allows for more accurate modeling of
their behavior under load. Accordingly, the tooth structure becomes biomaterial, and each material
has its own strength characteristics and elastic moduli that need to be considered. To optimize com-
putational resources and reduce machine calculation time in the three-dimensional model, only three
pairs of teeth of the gear and wheel are considered (Figure 2). The selected pairs of teeth ensure suf-
ficient analysis accuracy, as the interaction of teeth in the meshing zone is repeated around the entire
circumference. The use of a full model of the gear and pinion significantly increases the calculation
time without providing fundamentally new data for the local analysis of the stress-strain status (SSS).
Thus, simplifying the model allows for focusing on the study of critical tooth interaction zones while
maintaining the accuracy of the results. A similar modeling method is described in works [3, 4, 12,
16, 21, 26, 35, 38, 39, 40], where it is shown that analysis at the engagement pole provides accurate
results in assessing local stresses and deformations.
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Geometry Imports
Geometry Imports

J.'_‘ 000 5000 100,00 (mm)

25,00 75.00

0,00 50,00 100,00 (mm)
— —
25.00 75.00

(a) (b)

Figure 2. Three-dimensional model of a gear pair: (a) with solid teeth; (b) with a clad tooth.

We will configure the contact (Frictionless) to replicate the engagement between the wheel's
(contact surface) and the gear's (target surface) tooth profiles (Figure 3).

Frictionless - sh3_2 To kol3_2

. Frictionless - sh3_2 To kol3_2 (Contact Bodies)
B Frictionless - sh3_2 To kol3_2 (Tar

0,00 50,00 100,00 (mm)
[ .|
25,00 75,00

Figure 3. Contact between the tooth profiles of the gear and the wheel.

During the study, the bearing connection points were additionally adjusted (Figure 4). To trans-
mit the torque, the gear was secured as a hinge connection with one rotation in the plane, while the
wheel was fixed in a clamped state. This made it possible to firmly attach the welded tooth under
study, allowing for a thorough examination of its stress-strain condition. In the absence of clamping,
the tooth would be in constant motion, leading to its rotation and sliding, which would hinder a
comprehensive analysis of the stress-strain state.
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Revolute - Ground To sh3_2

. Fixed - Ground To kol3_2
[B] Revolute - Ground To sh3_2

Jos

0,00 100,00 200,00 (mm)
—
50.00 150,00

Figure 4. Locations of the gear and wheel connections.

For conducting CAE analysis, a hexahedral finite element mesh was chosen because it provides
higher modeling quality compared to a tetrahedral mesh. Hexahedral elements, due to their shape,
allow for a smooth and stable mesh in critical areas, such as the tooth root, which increases the accu-
racy of results and minimizes the risk of singularities. This is especially important for accurately
modeling stresses in high-load areas and reduces the likelihood of data distortions.

Moreover, the hexahedral mesh requires fewer computational resources compared to the tetra-
hedral mesh at equivalent accuracy, which reduces the analysis time [46]. A similar type of mesh was
used in the studies [47] to obtain reliable data on the stress distribution in the tooth root zone.

To ensure high accuracy of the results, a dense FEM mesh was created [47, 48]. The "Contact
Sizing" command was used with the element size in the contact area of the welded tooth and gear set
to 2 mm, which significantly improves the mesh quality in the contact area. The application of such
a method ensured more detailed modeling, improving the distribution of elements in the area of the
welded tooth and its surroundings. As a result, the finite element mesh for the gear included 1,330,087
nodal points and 457,372 elements (Figure 5).

100,00 (mm) 0,00 50,00 100,00 (mm)
25,00 75,00 25.00 75.00

(a) (b)

Figure 5. Finite element mesh of a gear pair: (a) with solid teeth; (b) clad tooth.
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The calculated torque on the gear Tg=39226.6 N*m and the gravitational force is applied in the
boundary conditions. Its change over time or magnitude can be used for the step. Let's convert the
rotational frequency n = 136.6 rpm to angular v: w=2mn/60=27-136.6/60~14.3 rad/sec.

Considering that this is the contact between a gear and a pinion, the problem is nonlinear, and
the step increment is critically important. We adjust the torque changes from 0 to 39226.6 N*m to set
the main step. Then the main step can start with AT=10% of the maximum moment, i.e., AT=3922.7
N*m. For each step, the load is divided into several sub-steps. In our case, we take 393.3 N*m. We
also enable the Automatic Time Stepping option to reduce the step size if necessary. This is useful for
problems with nonlinear contacts. After the calculation has been solved. Step adjustment allows for
the gradual increase of moment T to avoid numerical errors; to account for nonlinear contact con-
ditions between teeth and to reduce the likelihood of convergence loss.

To study the stress-strain state of the base metal of the gear with a clad tooth at the pit diameter,
we will mark points 1 and 2 (Figure 6).

Path

. Path

25,00 75,00

Figure 6. The joint line of the welded tooth with the base metal.

4. Results and Discussion

In the convergence window, we can observe convergence in all iterations (Figure 7).
Convergence in ANSYS (as in any other numerical method) is a key aspect where the given problem
approaches a stable solution of the equations describing the physical issue. This is crucial for
nonlinear problems (contact, plasticity, large deformations, etc.), where the solution requires an
iterative approach.
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Figure 7. Results of the convergence calculations.

In the upper graph (Figure 7) (Force Convergence), the purple lines show how the difference in
force reactions changes between iterations. This is a key indicator of convergence for solving the
problem. The fluctuation of this line is considered normal for nonlinear problems, especially in the
presence of contacts or complex materials. Despite the fluctuations, each sub-step converges at the
end, as confirmed by the green vertical lines. Here, a specific convergence criterion is shown by the
blue line (Force Criterion). The criterion level is sufficiently low to guarantee high accuracy in the
outcomes. The step is said to be convergent when the purple line falls below the blue line. It is im-
portant that the purple line drops below the blue line at each sub-step, which means that convergence
has been achieved.

The green vertical lines (Substep Converged) indicate that the substeps have converged. In the
lower graph (Cumulative Iteration vs Time), the red dots show how the solution time changes with
the increase in the number of iterations.

Below are the diagrams showing the contact stress at the contact pole (Figure 8) and the bending
stress at the base of the gear tooth (Figure 9).

B: Static Structural
Normal Stress 3
Type: Normal Stress(X Axis)
Unit: MPa
Coordinate System 3
Time: 1s

94,77 Max
47,083

+ -0,60399
-48,291
-95,978
-143,66
-191,35
-239,04
-286,73
-334,41

0,00 45,00 90,00 (mm)

— —
22,50 67,50

Figure 8. Contact voltage at the contact pole.
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B: Static Structural
Maximum Principal Stress 2

Type: Maximum Principal Stre
Unit: MPa
Time: 1s

60,119 Max
46,115
32,11
18,106
4,1013
-9,9033
-23,908
-37,912
=51,917

-65,921 Mi ”
X

0,00 45,00 90,00 (mm)
B B
22,50 67,50
Figure 9. Bending stress at the base of the tooth.

B: Static Structural
Normal Stress 3

Type: Normal Stress(X Axi
Unit: MPa
Coordinate System 3
Time: 1s

96,214 Max
47,568
-1,0779
-49,724
-98,37
-147,02
-195,66
-244,31
-292,95 k’
-341,6 Min X
0,00 45,00 90,00 (mm)
\

— —
22,50 67,50

Figure 10. Contact stress at the contact pole with the welded gear tooth.
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B: Static Structural
Maximum Principal Stress
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Figure 11. Bending stress at the base of the tooth with a welded gear tooth.

Figures 12 and 13 depict the contact and bending stresses at the Mises-defined connections be-
tween the welded tooth and the base metal of the gear.

B: Static Structural

Equivalent Stress 2 L —
Type: Equivalent (von-Mises) Stress

Unit: MPa \
Time: 1s 5
ik
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21,398
19,102
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7,6201 Y

5,3238 .
3,0274 Min X

0,00 25,00 50,00 (mm)
— T—
12,50 37.50

Figure 12. Stress along the Misese at the junction of the clad tooth.
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B: Static Structural
Maximum Principal Stress 3 e

Type: Maximum Principal Stress /
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Time: 1s l
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3,774 [
2,4129 Min X
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Figure 13. Bending stress at the junction of the clad tooth.

In the models presented in the ANSYS software, a study of the involute profile of the surfacing
tooth during engagement with the mill crown was conducted. It was found that at an angle of 33°
(Figure 14, a), the welded tooth engages. As the angle increases to 43° (Figure 14, b), the welded tooth
exits the engagement zone. At other values of the tooth position angles (less than 33° and greater than
43°), the stress values are minimal. This parameter, called the tooth engagement angle, characterizes
the range of angles in which active interaction occurs between the examined teeth.
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Figure 14. Positions of the welded tooth in engagement.

We conduct a comparative analysis of contact stresses (Figure 15) and bending stresses calcu-
lated through analytical and numerical modeling (Figure 16), as well as at the contact points of the
tooth's overlay layer with the gear's base metal (Figure 17).
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Figure 15. Results of the contact stress calculation.
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Figure 16. Results of the bending stress calculation.
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5. Conclusions

1. The graph (Figure 7) shows that the problem converges, but with oscillations. This behavior is

characteristic of complex nonlinear problems, where stresses are

determined and require

iterative refinement. Fluctuations in convergence are due to the complexity of the model, which

includes contact interaction and material with nonlinear principles.

2. The analytically calculated maximum contact stress is -348 MPa, whereas the numerical simula-
tion in ANSYS showed a result of -334 MPa (Figure 8). A 4% deviation indicates high calculation

accuracy.
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3. The calculated bending stress at the base of the tooth is 61.6 MPa, while the simulation in ANSYS
yields 60.119 MPa (Figure 9). The deviation within 2.6% confirms the reliability of the chosen
calculation method.

4. At the contact pole of solid teeth, the contact stress is -334.41 MPa (Figure 8), while for welded
teeth it is 341.6 MPa (Figure 10). This indicates the possibility of using welded teeth in cylindrical
low-speed transmissions, which leads to a sufficient level of stress in the open transmission.

5. The basis of the tooth is of particular scientific interest, as this area is critical in terms of maxi-
mum bending stresses. The base of the tooth is of particular scientific interest, as this area is
critical in terms of maximum bending stresses. The bending stress for the solid tooth is 60.119
MPa (Figure 9), while for the welded tooth it is 59.559 MPa (Figure 11).

6. The comparison of contact and bending stresses shows high correspondence between the ana-
lytical and numerical data. The deviations are 4% for contact stresses (Figure 15) and 2.6% for
bending stresses (Figure 16), indicating the accuracy of the model application and its relevance
for engineering analysis.

7. The analysis of bending stress curves at the junctions of the base metal with the welded tooth
(Figure 17) shows their prevalence for both solid and welded teeth; however, the minimum
curvature for the welded tooth is shifted to the area of the tooth position angle of 35° and
amounts to 48.6 MPa. The shift is associated with the redistribution of stresses caused by the
structural features of the deposited material and static stresses. This change will affect the
operational characteristics of the gear wheel, including its performance and resistance to cyclic
loads.

8.  The analysis of the dependence of the equivalent stress (on the Y-axis, in MPa) on the angle of
the position of the welded tooth in the engagement pole (on the X-axis, in degrees) shows their
prevalence for welded teeth. At a tooth position angle of 33°, the equivalent stress is approxi-
mately 18 MPa, which can be considered as the baseline stress level at which changes begin. The
increase in stress in the range from 33° to 43° occurs almost linearly, indicating a stable functional
dependence between the tooth position angle and stress. The maximum value of the equivalent
stress is observed at an angle of 43°, reaching a level of 23.5 MPa, representing a 30% increase
relative to the baseline value. This increase in stress reflects the phenomenon of load redistribu-
tion due to the change of contact between the surfaces.

Results from this method of analyzing the clad tooth's angular position in the meshing are rele-
vant and distinct.

9. Numerical methods, such as simulations in Ansys Workbench, allow a more detailed analysis
of stress distribution and identification of critical zones in the gear.

10. The proposed calculation methodology can be used to design and optimize gears, including
those with clad teeth.
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