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Abstract: This study aimed to analyze and optimize the thermal induction hardening process applied
to toothed transmission gears, focusing on thermal aspects, structural deformation, and topology
optimization, while exploring the feasibility of various materials and operating conditions. The
research simulated thermal and deformation behavior using a computer model, comparing results
with experimental data through the Ansys® platform 2022 R1. The methodology encompassed
thermal and deformation analyses, topology optimization to identify removable regions without
compromising part integrity, and a sensitivity study to evaluate the different materials and operating
conditions. This study validates the precision of computational models in predicting thermal and
deformation behavior in toothed gears under thermal induction hardening, introducing topology
optimizations and alternative materials, and providing novel perspectives for the more efficient
and cost-effective manufacturing of these components. Comparative thermal analysis revealed
a maximum relative error of less than 6% between temperatures from the computer model and
experimental results, while deformation comparisons exhibited a maximum relative error of less
than 7%, affirming the simulation model’s accuracy in predicting and managing deformations within
acceptable thresholds. Topology optimization successfully pinpointed removable regions without
compromising structural integrity, enabling the production of lighter and more economical devices.
Future endeavors should concentrate on additional tests to verify the feasibility of reducing power
and cooling temperature without compromising product specifications. Furthermore, it is advisable
to explore alternative materials and apply the developed methodology in diverse industrial settings
to generalize the findings and amplify the impact of the proposed optimizations.

Keywords: heat treatment; numerical analysis; induction; distortions; topology optimization

1. Introduction

Gears, essential mechanical components for transmitting motion, find applications
across various industries such as automotive, aeronautics, and renewable energy [1–3]. In
the motorcycle sector, toothed gears primarily transmit the motion to the wheels from the
combustion cycle of fossil fuel and/or biofuel engines [4,5].

The gear manufacturing process comprises a range of process flows [6], selecting the
most suitable flow contingent upon material, product geometry, tolerances, and appearance
requirements. Among these, heat treatment stands out as the most critical manufacturing
step due to its complexity [7–11].

Induction hardening, a widely employed technique in the automotive industry, en-
hances the mechanical properties of components like gears and engine parts [12]. This
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process involves rapid electromagnetic induction heating followed by swift cooling, re-
sulting in a hardened surface and a more resilient core. Therefore, in the case of gears,
the process is a sequence of heating and cooling cycles to alter the steel’s metallographic
structure and mechanical properties. Modeling and simulating this process are pivotal
for optimizing operational parameters, minimizing undesired deformations, and ensuring
component quality and longevity [13]. Park et al. [13] developed a numerical model cou-
pling thermal, mechanical, and metallurgical analysis to investigate the phase distribution
and residual stresses under the induction heating process. However, the simulated results
showed residual stresses higher than the experimentally measured value since the pro-
posed model did not consider self-tempering during quenching. However, the estimates of
deformations caused by thermal induction have not been evaluated.

The heat treatment cycle, involving heating and subsequent cooling, induces distor-
tions due to temperature gradients. These distortions lead to dimensional variations in
the product, necessitating adjustments in pre-heat treatment transformation operations to
compensate for distortions or achieve final dimensions in post-heat treatment finishing
processes, as evidenced in the literature [14]. Understanding these distortions during heat
treatment is crucial for meeting final product specifications, reducing testing time, and
defining manufacturing parameters in advance [15,16]. Sun et al. [15] developed a finite
element model (FEM) to evaluate the stress–strain field, temperature field, and structural
variations of the gear microstructure subjected to carburizing treatment. The model predicts
gear deformations depending on the type of specific microstructure of the steel and only in
the particular case of carburizing treatment.

Optimizing parameters and minimizing deformations are pivotal in induction hard-
ening, particularly for precision components like gears [3,15]. Detailed modeling and
simulation enable the fine-tuning of process parameters to achieve desired outcomes.
Tyflopoulos et al. [17] utilized topological optimization tools to reduce the weight of auto-
motive brake calipers, emphasizing the significance of design optimization in mechanically
loaded components. While their focus was on additive manufacturing, the study’s methods
apply to hardening process optimization, where they achieved a weight reduction of over
40% and a 17% decrease in deformations.

Similarly, Borda et al. [18] and Lee et al. [19] concentrated on the topological opti-
mization of vehicle supports, exploring different manufacturing methods and assessing
component strength. Both studies employed ABAQUS software 2018 to validate opti-
mizations, leading to substantial enhancements in the component strength and a weight
reduction of approximately 40% and 15%, respectively. Armentani et al. [20] devised an op-
timization model to revamp engine mounts to diminish vibrations and enhance passenger
comfort. Structural analysis played a crucial role in validating the fresh design, showcasing
the practical application of optimization techniques to automotive components.

Huang et al. [21] explored the aerodynamic characteristics of a high-speed gear-
box, investigating the effects of varying negative pressures and speeds on wind power
loss. In contrast, their focus differed from the previously referred works. The simulation
methodology for understanding operational variable impacts is relevant to studying gear
deformations. Mitov et al. [22] utilized CFD modeling to analyze flow in gear pumps,
underscoring the importance of simulation in comprehending complex phenomena in
mechanical components.

Dziatkiewicz et al. [23] employed the response surface methodology and the desirabil-
ity function to optimize the induction hardening parameters of rack bars. The integration
of evolutionary algorithms, such as the genetic algorithm, effectively enhanced process
quality under industrial conditions. In a parallel study, Garois et al. [24] developed a
machine learning model to optimize the induction hardening process of C45 gears. The
study encompassed two stages: initially utilizing machine learning techniques for modeling
and validating the proposed approach’s efficiency. The direct verification of the problem’s
results confirmed the effectiveness of the proposed approach, with 31 tests comprising
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60 hardness measurement points each, showcasing the method’s robustness in predicting
process parameters from hardness data.

Numerous studies have investigated the modeling and simulation of induction hard-
ening [24,25]. Jan and MacKenzie [26] proposed a computational model based on computa-
tional fluid mechanics (CFD) to calculate temperature profiles in automotive components
during tempering. Their methodology aimed to optimize the tempering processes by
managing residual thermal stresses that can induce distortions. Similarly, Saputro et al. [25]
developed a specific numerical simulation for the induction hardening of spur gears in
mechanical presses. The model addressed problems of insufficient hardening in the root
areas and non-uniformity in the depth of hardening along the circumference of the teeth.
The experimental validation of the model showed that adjustments to scanning speeds
and air gaps can significantly improve hardening uniformity. Areitioaurtena et al. [27]
conducted a study to predict the depth of the induced layer and hardness in 42CrMo4 billets
during induction hardening, utilizing a semi-analytical model to reduce computational
effort. The combination of finite element analysis for electromagnetic field calculations
and analytical equations for thermal analysis yielded an efficient and accurate simulation,
with less than a 4% difference between simulated and experimental results, validating the
model’s effectiveness and providing a 20% reduction in computational time. Min et al. [28]
investigated the induction heating of a graphite crucible using COMSOL software 2021,
establishing a correlation between the inductor current and crucible temperature while
analyzing surface effects to determine the optimal heating frequency. The model’s accuracy,
with a relative error of less than 6%, underscored its effectiveness.

Leitner et al. [29] used thermo-metallurgical-mechanical simulations to evaluate the
fatigue resistance of induction-treated steel components, emphasizing the integration of
different manufacturing processes for a comprehensive fatigue resistance analysis. Fatigue
test results revealed that induction hardening led to a 46% increase in fatigue strength
amplitude compared to the initial base material. Notably, Barglik et al. [30] developed
mathematical models to predict hardness and microstructure distributions in the transmis-
sion crown, which is crucial for understanding the impact of induction heating on material
properties. The most relevant results showed the influence of the critical temperature and
the properties of the investigated steel in determining the hardening temperature. The
proposed mathematical model can be an effective tool for designing such processes; it
makes it possible to predict hardness and microstructure distributions with a reasonable
accuracy of about 20 HV. Artificial intelligence methods explored by Holmberg et al. [31]
used Barkhausen noise (BN) for the non-destructive verification of induction hardening
depth, resulting in a validated multivariate predictive model for evaluating hardening
depths. Different Barkhausen noise parameters, such as RMSFWHM and MVSS (200 Hz,
20 Hz), show correlations with hardening depths up to 4.5 mm, indicating their potential
for depth measurements. With the proposed method, it is possible to predict the hardening
depth using principal components based on all or a reduced set of BN characteristics.
However, the authors did not evaluate the estimates of deformations caused by thermal
induction.

The experimental validation of numerical models is essential for ensuring simula-
tion accuracy. In this context, various studies have produced data that allow numerical
models to be verified as tools for simulating and optimizing manufacturing processes.
Mitov et al. [22] validated a two-dimensional CFD model through experimental studies.
Stević et al. [32] presented a comparative analysis of experimental and simulated results for
an induction hardening system, demonstrating consistency in characteristic values from
both qualitative and quantitative perspectives. Correa-Jullian et al. [33] evaluated various
concentrations of polyethylene glycol (PAG) as a cooling medium and their impact on
the dimensional distortions of an induction-hardened SAE 1050 steel shaft tip, revealing
that a 10% PAG solution exhibited similar characteristics to a 5% solution but with more
pronounced distortions exceeding dimensional tolerance limits.
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This study aims to utilize simulation to quantify distortions occurring during treat-
ment, evaluate the transmission crown attachment devices for potential mass reduction
through topological optimization, and conduct a case study by varying process parameters
to assess their influence on distortion and temperature values. Hence, it fills an existing
gap in predicting structural deformation due to thermal induction, mainly in topographic
optimization in toothed crowns, through computer simulation and validation in processes
already applied in the automobile industry and evaluating alternative materials’ viability.
Based on this survey of the state of the art, this study brings the following contributions as
innovation:

• Development and analysis of an optimization procedure for the thermal induction
hardening process in toothed transmission gears focusing on thermal behavior, struc-
tural deformation, and, finally, topology optimization;

• Introduction of topology optimization in the thermal induction processes of toothed
transmission gears to identify areas that can be removed without compromising the
integrity of the part, resulting in the production of lighter and more economical
components;

• Analysis of the efficiency of the thermal induction process in gears, highlighting
advances in the understanding and control of this process and demonstrating im-
provements in manufacturing toothed transmission crowns with greater precision and
lower cost.

2. Materials and Methods

This section presents the analysis of the induction hardening process of a motorcycle
transmission crown. The methodological approach comprises seven stages: measurement
of the part, hardening process, repetition of the measurement, 3D model development,
thermal analysis, structural analysis, and optimization. Figure 1 is the flowchart of the
implemented methodology’s stages.
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Figure 1. Flowchart of the methodology implemented.

The study begins with the initial measurements of the parts under production and
experimental data collection. Next, the tempering process is applied to the manufactured
parts, followed by a new measurement stage on the tempered components. The data from
post-hardening measurements are then used to build the 3D model. The subsequent stages
focus on modeling and computer simulation, utilizing thermal analysis (tempering process)
and structural analysis (evaluating part distortions). The final stage of the implemented
methodology involves topological optimization to assess the product’s fastening device to
reduce weight.
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2.1. Experimental Analysis

This experimental analysis aims to collect the parameters needed to validate the
numerical model of a transmission crown during its manufacturing process. The man-
ufacturing process begins with the reception of the SAE 1045 carbon steel blank. This
blank is then taken to the stamping phase, where relief cuts, fixing holes, and central and
external holes are made. Since the stamping cannot meet the final tolerances, the central
and external holes will undergo finishing processes. Next, the stamped part is sent to
machining, where the outer and central holes are machined to their final dimensions, and
the teeth are machined. The piece then undergoes heat treatment, specifically tempering
through induction hardening, where it is heated via electromagnetic induction and cooled
with water and additives. Afterward, the crown receives a surface treatment (zinc plating)
to protect against oxidation. Finally, it is packaged and sent to the customer.

2.1.1. Product

A gearbox developed in the Brazilian motorcycle industry was selected. Table 1 shows
the general specifications of the gearbox.

Table 1. The main dimensions of the transmission crown of this study.

Material SAE 1045

Outside diameter 163 mm
Internal diameter 76 mm

Thickness 7.2 mm
Number of teeth 39

Chain 428

Due to the maker’s project secrecy, other specifications, such as tenacity, elasticity, and
their respective tolerances and tolerances, are omitted (company confidentiality). Figure 2
shows a general diagram of the part used.
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2.1.2. Induction Hardening

The induction hardening process commences when the workpiece is introduced into
the equipment. The utilized equipment features a rotating table with four stations solely
dedicated to the hardening of carbon steel crowns for induction. The system is equipped
with 125 kW of power and operates at a frequency of 30 Hz (Figure 3).
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Figure 3. Induction hardening equipment.

The initial station is responsible for loading and unloading the equipment. In the
process, the crown is positioned on a fixed base attached to a rotating table. Upon the
initiation of the treatment cycle, the table rotates clockwise, placing the base with the
workpiece beneath the inductor. A lid descends to prevent the axial movement of the
workpiece during the process. To this set, we refer to it as a station. The inductor then
moves vertically, contacting the workpiece and aligning itself with its center. This precise
alignment is crucial to prevent uneven heating on either side of the crown, which could
lead to variations in the hardened area thickness, besides minimizing the risk of accidents
and equipment damage. At this point, the station with the workpiece starts rotation and
heating for a predetermined duration. A water–polymer mixture is poured onto the crown
upon reaching the heating time, ultimately hardening the product.

The use of polymer aims to achieve higher and more uniform cooling rates throughout
the part compared to cooling with water alone. This mixture generates lower thermal and
transformation gradients, reducing the likelihood of cracks and distortions compared to
cooling in a vaporizable medium. The polymer utilized at the cooling stage is YUSHIRO
QUENCHANT HSC at an 8% concentration. The part undergoes tempering at this stage,
but the temperature is unsuitable for handling. Therefore, at the next position (before
unloading), the part is cooled down to a temperature below 30 ◦C.

Five parts were selected before induction to evaluate the distortions induced by the
hardening process. The central hole diameter of the parts served as the characteristic
for assessment. Measurements were conducted using a MITUTOYO CRYSTA APEX S
coordinate measuring machine, with the evaluation method including the measurement of
20 points and the calculation of the average diameter.

The process parameters used in the tests were as follows:

• Power: 93%;
• Warm-up time: 8 s;
• Shower flow rate: 35 L/min;
• Speed: 100 rpm.

The frequency and power have been regulated to ensure the part meets specifications
(hardened region and hardness). The heating temperature is a consequence of the process
parameters. Measurements show that the transmission crown reaches 1000 ◦C during
induction, observed using a FLIR T440 thermographic camera with an emissivity of 0.85, as
depicted in Figure 4.
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Figure 4. Temperature measurement of the transmission crown during heating.

This temperature guarantees phase transformation and fulfills product requirements.
However, the heating and cooling cycle induces product deformation. Combined with
variations from prior stamping and machining processes, this can compromise dimensional
tolerances. Consequently, deformation studies were performed during the development of
the new product to mitigate these issues.

2.2. Numerical Analysis—Computational

The numerical analysis was divided into two phases: thermal analysis and structural
analysis, utilizing the experimental results of the hardening process. Initially, a 3D model
of the transmission crown, fastening devices, base, and cover was developed using a CAD
tool (Autodesk Inventor) 2022, as shown in Figure 5.
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Figure 5. Three-dimensional model of the fastening system.

The 3D model is the basis for numerical analysis and is imported into Ansys Mechani-
cal software 2022 R1. This enables a transient thermal study to evaluate the temperature
gradient during heating. The second stage of numerical analysis involves structural analysis
to assess the stresses in the crown at the end of the cycle. Finally, topological optimization
is performed on the clamping devices to define a more suitable geometry. The objective is
to obtain a base with reduced mass that minimizes its influence on the part’s temperature
distribution during heating, functioning solely as a process support. Figure 6 illustrates
the flowchart of the numerical computational part, encompassing the stages of thermal
analysis, structural analysis, optimization, and the case studies analyzed in this work using
the Ansys platform.
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2.2.1. Material

The initial simulation stage entails material selection. The transmission crown material
adheres to the SAE standard, which is 1045 carbon steel (Timóteo, MG, Brazil), while the
fasteners, base, and cover are constructed from AISI 420 stainless steel (São Paulo, SP,
Brazil), as detailed in Table 2.

Table 2. Properties of the materials.

Property 1045 Steel AISI 420

Coefficient of thermal expansion
(◦C−1) 1.15 × 10−5 1.03 × 10−5

Poisson 0.29 0.24
Shear stress (GPa) 80 80.87

Thermal conductivity 48.9 W/m·K at 25 ◦C 24.9 W/m·K at 25 ◦C
Specific heat 0.475 J/g·K at 25 ◦C 0.46 J/g·K at 25 ◦C

Electrical resistivity 0.0000171 Ω·m at 25 ◦C 0.000055 Ω·m at 25 ◦C

2.2.2. Mesh Construction and Evaluation

The mesh evaluation process involved analyses with diverse element sizes to assess the
temperature response, as shown in Table 3. The objective was to evaluate the temperature
response and calculation time to determine an appropriate mesh size, thereby reducing
computational demands.

Table 3. Mesh element size tests.

Element Size [mm] Nodes Elements Calculation Time [s] Tmax

0.8 836,558 478,533 1041 351.8
1 543,853 309,357 610 350.98

1.5 265,145 147,562 265 348.38
2 169,352 92,986 187 407.16

3.5 113,961 61,490 145 488.43
4 95,822 51,566 116 489.49
5 77,208 40,918 92 479.12
10 50,109 25,885 60 466.22

Notably, within the range of 0.8–1.5 mm, the discrepancy in results among the different
meshes was 3.42 ◦C. These temperature deviations are within an acceptable range, especially
considering the substantial temperature fluctuation of 1100 ◦C during the heating and
tempering. The 3.42 ◦C variance corresponds to a mere 0.29% error in the simulation,
indicating a high level of accuracy. Consequently, a mesh size of 1.5 mm was chosen for the
simulation and subsequent parametric studies. The mesh configuration selected for the
computer simulation is illustrated in Figure 7.
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2.2.3. Boundary Conditions

Initially, the heat flow boundary condition is defined. The equipment has a nominal
power of 125 kW. However, it is necessary to account for the losses in the equipment.
Traditionally, the following efficiencies are used:

• Induction efficiency = 60%;
• Inductor loss = 2%.

The power transferred to the workpiece is calculated to be 73.5 kW. Given that only
93% of this power is effectively utilized in the defined process, the adjusted power value
is 65 kW. Subsequently, convection is incorporated into the model. For convection, the
value of the convection coefficient is unknown and needs to be estimated. The correlation
utilized for this estimation is sourced from Incropera et al. [34]. The specific scenario under
consideration involves a cylinder subjected to cross-flow, as described by Equation (1).

NuD = C ∗ Rem
D ∗ Pr1/3 (1)

For the Reynolds number, the following values were considered:

• Flow = 35 L/min;
• D = 2 mm (diameter of the water outlets);
• Specific mass = 1000 kg/m3;
• Viscosity = 0.000907 Ns/m2.

Some considerations must be made when calculating this coefficient: (a) the calculation
does not consider the water boiling; and (b) the calculation does not consider the polymer
mixture (8%). Consequently, the Reynolds number was calculated to be 17,050. For this
specific Reynolds number, we obtained the constants C and m values for Equation (1), as
presented in Table 4. The values of C and m were found to be 0.193 and 0.618, respectively,
as shown in the table below. Figure 7 shows the boundary conditions used in the study.

Table 4. Constants of Equation (1). Adapted from Incropera et al. [34].

Reynolds C m

0.4–4 0.989 0.330
4–40 0.911 0.385

40–4000 0.683 0.466
4000–40,000 0.193 0.618

40,000–400,000 0.027 0.805
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The calculated Nusselt number was 146.37; considering the thermal conductivity of
k = 0.58 W/m-K for the transmission crown, the value of the convective coefficient was
8000 W/m2K using Equation (2).

h =
Nu·k

D
(2)

3. Analysis and Discussion of Results

This section presents a comparison of the results and case analyses carried out, consid-
ering the following subsections:

• Comparison of computational and empirical findings from a thermal and structural
perspective;

• Topological optimization outcomes;
• Case studies post-optimization.

3.1. Comparative Thermal Analysis

After conducting the simulation, the temperatures are calculated and graphed through-
out the process, spanning from the initial heating phase to the completion of cooling.
Figure 8 illustrates the outcomes within the transmission crown tooth region.
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Figure 8. Temperature profile in the process.

It is noticeable that the maximum temperature at the end of the process closely aligns
with the experimental findings. Following the process, the crown’s maximum temperature
reached 168 ◦C, as illustrated in Figure 9, exhibiting proximity to historical data. This
investigation underscores the necessity of a dedicated cooling station post-induction. Such
a station would facilitate the equipment operator’s safe handling of the workpiece after
adequate cooling.
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Table 5 compares the maximum temperatures obtained in the simulation and the
experimental results.

Table 5. Comparison of temperatures.

Maximum Temperature (◦C)

Simulation 1166.5
Experiment 1239
Difference 72.5 (6.22%)

The difference may result from difficulty in measuring the temperature with the
available instruments. The most considerable difficulty is regulating the emissivity de-
pending on the material and positioning the instrument to measure the part. As it is mass
production equipment, there is not much space for adequate and safe positioning of the
instrumentation. In the case of the simulation step, it could influence parameter inputs in
the model, such as material properties, convection coefficients, and the power reported by
the equipment may not be exactly the real one due to the deficiency arising from the age of
manufacture of the machine. The temperature difference certainly impacts the deformation
value and the reliability of the parameters provided by the equipment, and the temperature
measurement in the process would need to be investigated. Despite the differences, this
value is relatively small due to the problems mentioned here and according to what is
found in the literature with similar relative errors [21,22].

3.2. Comparative Deformation Analysis

A structural analysis is conducted following the thermal investigation to verify the
distortion values. The outcome of this simulation is depicted in Figure 10. Five components
were measured before and after induction. The values selected for comparison were the
average deformations experienced by the product.
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The adoption of an average value arises from the fact that the crown exhibits non-
uniform deformation along the bore due to the diminutive thickness (7.2 mm) compared to
the outer diameter (163 mm). This deformation induces ovalization in the crown hole. The
study piece was measured with a coordinate measuring machine, measuring the hole at
half thickness with twenty equidistant points along the hole and calculating the average
distance of these points from the theoretical circle. As the part has shape errors resulting
from the turning process, this greater number of points aims to minimize the effect of the
circularity of the hole. As the 3D model does not present such variation, the average value
of four equidistant points was evaluated. The measurements obtained from the coordinate
measuring machine account for the number of points utilized to form the circle representing
the hole and an average circle is calculated based on these points. When conducting this
type of evaluation, the deviations of the points from the mean circle describe the shape
error of the feature, known as ovalization (roundness).

The deformation values in the central hole were approximately 0.059 mm, which
closely aligns with the experimental result of 0.063 mm. Notably, the 0.063 mm deformation
value is an average, and some regions exceed and fall below this value. This variation
stems from fluctuations in the composition of the raw material, the positioning of the
workpiece in the device since it is a manual feed, gaps between the central guide and the
workpiece, and variations in the measuring instruments and the equipment. Table 6 sum-
marizes the deformation values found in the simulation compared to the value discovered
experimentally.

Table 6. Comparative analysis of the deformations of the central bore (simulation x experiment).

Deformation (mm)

Simulation 0.059
Experiment 0.063
Difference 0.004 (6.78%)

Although not the most significant deformation in the crown, the bore diameter holds
paramount importance due to its critical tolerance. The deformation magnitude within the
bore accounts for approximately 45% of the final product tolerance. In contrast, in other
areas like the tooth region and stamped reliefs, this deformation only contributes to around
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15% of the final tolerance. Consequently, this article primarily concentrates on the bore
diameter deformation, given its substantial impact on the overall product quality.

3.3. Topological Optimization

Subsequently, topology optimization was conducted for the deformation assessment.
For a holistic investigation of the heat distribution, the station is also considered part of the
object for the simulations, although it will not undergo geometry optimization analysis.
Initially, specific regions of the station were delineated and annotated to prevent their
exclusion during the optimization process. These delineated regions hold significance
as they are (precisely) the clamping and support mechanisms of the component within
the equipment. The regions highlighted in red are set as imperatives to retain within the
optimization process, as illustrated in Figure 11.
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As an objective, a 50% reduction in mass was targeted during the optimization process.
The ANSYS software 2022 R1 was set to perform a maximum of five hundred iterations to
calculate the material removal. The optimization outcome is depicted in Figure 12, which
highlights the regions that should be preserved.
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Figure 12. Topological optimization result of the fixture device.

The results demonstrate the areas of the geometry that can be removed without
affecting the simulation. In Figure 12, the brown part is the material left after optimization,
and the gray part is the optimized component material.
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Examining the results, it is evident that, while the central part can be removed, this is
not feasible in practice as it is integral to the system for attaching the base to the equipment.
However, adjustments can be made to the base, reducing its weight. Additionally, the
thickness of the base can be decreased. Reducing the mass of the support reduces the
energy absorption capacity. It transmits more temperature to the crown and reduces the
thermal inertia in the tempering process, and thus reducing the crown production time.

Before validating the new geometry, an assessment must be conducted to prevent
warping or breakage during the process, ensuring the machine operator’s safety.

The results indicate that the transmission crown geometry can be revised without
impacting the deformation. The new geometry can be more cost-effective, as it consumes
less material, allowing for cheaper and faster manufacturing processes. Reducing the cost
of the devices directly impacts the manufacturing expenses

3.4. Sensitivity Analysis—Case Study

Case studies followed the validation process to examine the impact of parameters
incorporated into the model. The first case focused on the material. Initially, stainless
steel was utilized for the bases and lids. However, this material is costly, prompting an
investigation into the feasibility of employing SAE 1045 steel. Concurrently, the study
considered variations in the cooling water temperature, simulating the equipment’s control
system responding to changes in the ambient temperature. The equipment has a cooling
system that maintains the water temperature within the range of 25 ± 2 ◦C.

Figure 13 presents the parameterized study and the influence of the material on the
deformation at various water–polymer mixture temperatures. The results indicate that the
deformations were remarkably similar, with a negligible difference of 0.001 mm, which
falls within the acceptable level of deformation (a 1.6% difference).
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Figure 13. Influence of material on deformation at the central bore of the gear.

As a potential alternative, a new device could be designed and manufactured for
testing purposes. By substituting stainless steel with carbon steel, the cost of raw materials
for the base can be reduced by 40%. However, it is essential to consult with the equipment
supplier to determine whether this material specification is based on any other issue not
addressed by the simulation and not yet visible at this stage.

A new case study was conducted, this time incorporating variations in the heating
power in addition to those explored in the previous case. Table 7 summarizes the results
of this test. For the study, a power variation of ±5% was considered, and the range that
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can be adjusted during the preparation process. These power variations are implemented
to compensate for the variations in the part, such as those arising from the differences in
raw material batches. The distortion results from present variations within the mechanical
adjustment and dimensional tolerances that are very small, making the product unusable.
All simulation and experimental data considered the sensitivity of parameters in the results.

Table 7. A general summary of the results of the cases studied. Influence of power (w), base material,
and water temperature (◦C) over piece deformation (mm) and temperature (◦C).

Test No. Power (W) Base Material
Water

Temperature
(◦C)

Maximum
Deformation

(mm)

Minimum
Deformation

(mm)

Maximum
Temperature

(◦C)

1 65,000 AISI 420 stainless
steel 22 0.214 0.059 1165

2 65,000 AISI 420 stainless
steel 23 0.214 0.059 1166

3 65,000 AISI 420 stainless
steel 25 0.214 0.060 1167

4 65,000 AISI 420 stainless
steel 27 0.213 0.060 1167

5 65,000 SAE 1045 steel 22 0.252 0.061 1174

6 65,000 SAE 1045 steel 23 0.252 0.061 1175

7 65,000 SAE 1045 steel 25 0.251 0.061 1176

8 65,000 SAE 1045 steel 27 0.251 0.061 1176

9 61,750 AISI 420 stainless
steel 22 0.204 0.056 1108

10 61,750 AISI 420 stainless
steel 23 0.204 0.057 1109

11 61,750 AISI 420 stainless
steel 25 0.203 0.057 1109

12 61,750 AISI 420 stainless
steel 27 0.203 0.057 1110

13 61,750 SAE 1045 steel 22 0.239 0.058 1117

14 61,750 SAE 1045 steel 23 0.239 0.058 1117

15 61,750 SAE 1045 steel 25 0.239 0.058 1118

16 61,750 SAE 1045 steel 27 0.238 0.058 1119

17 68,250 AISI 420 stainless
steel 22 0.225 0.062 1223

18 68,250 AISI 420 stainless
steel 23 0.225 0.062 1223

19 68,250 AISI 420 stainless
steel 25 0.225 0.063 1224

20 68,250 AISI 420 stainless
steel 27 0.224 0.063 1225

21 68,250 SAE 1045 steel 22 0.265 0.064 1232

22 68,250 SAE 1045 steel 23 0.264 0.064 1232

23 68,250 SAE 1045 steel 25 0.264 0.064 1233

24 68,250 SAE 1045 steel 27 0.263 0.064 1234
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This study demonstrates that a simultaneous increase in water temperature and power
directly and significantly impacts deformation values, leading to an increase in these values.
This increase in deformation (0.009 mm) specifically for that part does not have a substantial
effect, as it does not necessitate a finishing process after heat treatment. However, it does
result in increased electricity consumption, thereby making the process more costly.

Conversely, reducing power and water temperature values leads to a decrease in
deformation values and lower electricity consumption. Nevertheless, these reduced values
directly impact meeting hardness specifications and the depth of the hardened layer, as
they alter the dynamics of the phase transformation. Experimental verification is essential
to validate these new parameters.

3.5. Limitations and Futures Research Directions

This study attempted to fill the gap related to predicting structural deformation due
to thermal induction and topology optimization in toothed gears by developing a compu-
tational procedure and validating processes in the automotive sector. For the simulation,
the addition of the polymer was not taken into account, leaving the improvement of the
model for future work. No literature was found that includes the effect of the polymer in
the simulation. In physical experiments, the study of Hajék et al. [35], who evaluated the
effects of induction quenching process parameters such as water temperature, polymer
concentration in the water during quenching and rotation on the distortion of a cylinder,
performing tests varying such parameters and TENSI et al. [36] compared the cooling
gradients of a cylinder in a medium composed of water and polymer versus a vaporized
medium (oil).

There are some limitations, including the following:

➢ Limitations regarding the Ansys® computational 2022 R1 model in capturing all the
real complexities of the part due to geometry and material;

➢ Study based on the operating conditions of a single manufacturer in Brazil;
➢ Limitation in the generalization of results to other industrial applications;
➢ In the study, only the maximum temperature and average distortion in the central

hole were considered without analyzing the temperature and distortion distribution
in the gear teeth region.

Regarding possible future research directions related to the proposal:

✔ Analyze the use of alternative materials to increase the efficiency and cost–benefit
ratio of the manufacturing process;

✔ Analyze other types of cylindrical gears within the scope of the induction hardening
process;

✔ Optimize the computational model to improve the accuracy of deformations under
thermal induction hardening conditions;

✔ Refine the topology optimization to identify removable regions without compromising
the structural integrity of components;

✔ Machine learning techniques optimize the parameters of the induction hardening
process, reducing the need for extensive and expensive experimental tests.

4. Conclusions

The present study aimed to analyze and optimize the thermal induction process ap-
plied to toothed crowns, focusing on thermal aspects, structural deformation, and topology
optimization, as well as exploring the feasibility of different materials and operating condi-
tions from a holistic point of view, considering some machinery structures (stations) as the
subject of analysis. Among the key findings are the following:

• The comparative thermal analysis revealed that the maximum temperatures ob-
tained in the computer model (1166 ◦C) closely aligned with the experimental results
(1239 ◦C), with a maximum relative error of less than 6%. This indicates the reliabil-
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ity and accuracy of the simulation model in predicting the thermal behavior of the
induction process;

• The maximum temperature at the end of the process observed experimentally was
168 ◦C, underscoring the necessity of a cooling station to ensure the safe handling of
the post-process part;

• In the deformation analysis, the simulated average deformations (0.059 mm) were also
in agreement with the experimental results (0.063 mm), with a maximum relative error
of less than 7%;

• Deformation in the central hole (bore) is critical due to the high precision required,
representing 45% of the product’s final tolerance. The accuracy obtained suggests that
the simulation model is suitable for predicting and controlling deformations within
acceptable limits.

• The topology optimization process identified areas of the part that can be removed
without compromising structural and functional integrity. While some central parts
cannot be removed due to their function in the fastening system, it is feasible to reduce
the thickness and include reliefs in the base. These changes can result in lighter and
less expensive devices without negatively impacting deformations, thereby optimizing
manufacturing costs;

• The sensitivity analysis demonstrated that replacing AISI 420 stainless steel with SAE
1045 steel could significantly reduce material costs by up to 40%;

• Variations in heating power and cooling water temperature were analyzed, revealing
that adjustments to these parameters can control deformation and energy consump-
tion. A reduction in power and temperature can decrease deformation and energy
consumption, although further tests are required to confirm compliance with the
hardness and depth specifications of the hardened layer.

• Overall, the topology optimization and sensitivity study suggest several opportunities
to reduce the costs and improve the process efficiency. This study contributes to a better
understanding and control of the thermal induction process, enabling advancements
in manufacturing toothed transmission crowns with greater precision and lower cost.
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