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Abstract – The increasing demand for high-reliability automotive transmission systems has intensified the need 

to understand the failure mechanisms of helical differential gears operating under high torque conditions. This 
study aims to analyze the stress and strain distribution on the front planetary sun gear of a helical differential 
using the Finite Element Method (FEM). The analysis was carried out under two conditions: without a crack and 
with an initial crack of 1 mm placed at the tensile side tooth root, in order to evaluate the effect of defect 
presence on the mechanical behavior of the gear under an operational torque load of 175 Nm. Three-
dimensional modeling and meshing were performed using ANSYS software, with SCM420 steel as the material, 
which has an allowable stress of 1,300 MPa. The simulation results show that the maximum stress in the 
uncracked model reached 8,859.6 MPa, while in the cracked model it increased to 15,258 MPa. Meanwhile, the 
maximum equivalent elastic strain increased from 4.437 × 10⁻² mm/mm to 1.154 × 10⁻¹ mm/mm. This 
significant increase indicates that the presence of an initial crack intensifies stress concentration and amplifies 
local deformation, potentially accelerating crack initiation and propagation due to the increased strain energy 
accumulated near the crack tip. Based on these findings, optimization of the fillet radius and the application of 
surface treatments such as shot peening or advanced carburizing are recommended to reduce peak stresses and 
extend gear fatigue life. The results of this study demonstrate that the FEM approach is effective in predicting 
structural behavior and serves as a basis for the development of reliability-based design and condition 
monitoring systems in modern automotive transmissions. 
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1    Introduction 

The power transmission system in modern vehicles 

demands a very high level of reliability to ensure 

efficiency, safety, and driving comfort. One of the key 

components in this system is the differential planetary 

gear set, where the sun gear serves as the connection 

between the drive shaft and the planetary gears that 

transmit torque to the ring gear. The helical gear design 

in this system offers advantages such as smoother 

contact and more uniform load distribution. However, 

the helical geometry also introduces complex multiaxial 

stresses due to the combined effects of high torque, 

axial forces, and contact pressure. A torque load of 175 

Nm, which is typical for mid-sized passenger vehicles, 

can produce maximum bending stress at the tooth root, 

potentially initiating micro-cracks that eventually 

develop into fatigue fractures [1,2]. 

Extensive research over the past two decades has 

examined failures in helical and planetary gear systems. 

Shen et al. (2020) demonstrated that cracks at the sun 

gear root significantly alter the time-varying mesh 

stiffness (TVMS) and the vibration patterns of the 

planetary system [3], confirming that micro-damage at 

the tooth root can be detected through dynamic system 

responses. Similarly, Mozafari and Najafian (2013) 
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verified through Finite Element Analysis (FEA) that 

maximum stress concentration occurs at the tensile side 

of the tooth root when the transmission experiences 

peak torque loads [4]. Experimentally, Yang et al. (2022) 

found that friction and load distribution across the gear 

face width play a crucial role in determining contact 

stress peaks and gear fatigue life [5]. These findings 

indicate that crack propagation and local stress behavior 

are strongly influenced by the interplay of geometry, 

frictional forces, and loading conditions. 

From a material perspective, SCM420 steel is widely 

used for sun gears and other transmission components 

due to its toughness, carburizing and tempering 

capability, and excellent surface wear and fatigue 

resistance. Ramli et al. (2021) reported that carburizing 

heat treatment enhances surface hardness and yield 

strength, thereby improving the material’s capacity to 

withstand contact and cyclic stresses [6]. These insights 

are essential in interpreting the allowable stress used in 

FEM simulations involving SCM420 steel. 

Recent studies have also developed linear fracture 

mechanics approaches to assess the behavior of cracked 

gears. Wang et al. (2019) [7] and Rad et al. (2014) [8] 

employed the Extended Finite Element Method (XFEM) 

to predict crack propagation paths and fatigue life based 

on Paris’ Law, while Wang et al. (2025) [2] combined 

bending fatigue tests with ABAQUS–FRANC3D 

simulations to validate crack propagation and fatigue life 

in helical gears. These methodologies have shown that 

the presence of an initial crack significantly increases 

local stress levels, directly influencing component 

lifespan [9]. 

In the domain of dynamic systems, Shen et al. (2020) 

[3] and Yang et al. (2022) [10] revealed that reductions in 

mesh stiffness caused by cracking affect the vibration 

spectrum and the overall dynamic response of the 

gearbox. Moreover, Jorani et al. (2023) and Leaman et al. 

(2024) demonstrated that vibration and acoustic 

emission monitoring can effectively detect early-stage 

gear cracks through high-frequency signal analysis 

[11,12]. The combination of numerical simulation (FEM) 

and experimental diagnostic approaches thus represents 

a promising direction for failure prediction and condition 

monitoring in vehicle transmission systems. 

Despite these advancements, several research gaps 

remain. First, most previous studies have focused on 

planetary or single helical gears rather than the front 

planetary sun gear within a differential system that 

directly transmits torque from the engine. Second, there 

has been limited investigation into the influence of initial 

cracks on stress and strain distribution under a 175 Nm 

torque load, representing real-world extreme operating 

conditions of passenger vehicles. Third, the correlation 

between FEM results and linear fracture mechanics 

parameters such as the Stress Intensity Factor (SIF) and 

Strain Energy Release Rate (G) has not been extensively 

examined for quantitative failure prediction. Fourth, the 

integration of simulation data with experimental 

diagnostic indicators such as TVMS, vibration, and strain 

responses remains underdeveloped for helical 

differential systems. 

Therefore, this research aims to develop a 3D 

numerical model of a front planetary sun gear in a 

helical differential using the Finite Element Method 

(FEM) under two conditions: (1) without cracks and (2) 

with an initial crack. The analysis focuses on 

investigating stress and strain distributions under a 

torque load of 175 Nm and identifying critical locations 

prone to structural failure. The outcomes of this study 

are expected to contribute to a deeper understanding of 

failure mechanisms, design optimization of differential 

systems, and the development of preventive monitoring 

strategies to enhance the reliability of automotive 

transmission systems. 

 

2    Research Methodology 

This study employs a numerical simulation approach 
based on the Finite Element Method (FEM) to analyze 
the stress and strain distribution on the front planetary 
sun gear of a helical differential system. This approach 
was selected because FEM has been proven effective in 
predicting the structural response of complex 
mechanical components with three-dimensional 
geometry, nonlinear contact interactions, and realistic 
boundary conditions [13,14]. 

The research methodology was designed to ensure an 
accurate physical representation of the actual operating 
conditions of a passenger vehicle differential system, 
subjected to a maximum working torque of 175 Nm, 
which is commonly used as a reference load in 
automotive transmission simulations [15]. 

 

2.1 Research Object 

The object of this study is the front planetary sun 

gear in the helical differential gear system of a 

passenger vehicle with a three-planet gear 

configuration. This component was selected because it 

serves as the central element for transmitting torque 

from the drive shaft to the planetary carrier and ring 

gear, while also experiencing the highest combination of 

torque, bending, and shear loads within the differential 

system [16,17]. 

The geometric characteristics of the front planetary 
sun gear used in this study are presented in Table 1. 
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Table 1. Specifications of the front planetary sun gear 

Parameter Value 

Number of teeth 46 teeth 

Outer diameter 58.60 mm 
Pitch diameter 56.159 mm 
Root Diameter 53.516 mm 
Gear width 17.50 mm 
Normal Module 1 mm 
Helix angle 30° 

 

The nominal torque value of 175 Nm was applied as 

the primary loading condition, as it represents the 

extreme operating scenario that occurs during full 

acceleration, steep inclines, or gear shifting under peak 

load conditions. The above dimensions correspond to a 

front-wheel-drive passenger vehicle configuration with a 

medium torque reduction ratio, in accordance with the 

AGMA 2001-D04 design standard, as implemented by 

Pandey et al. (2020) and Fauzan et al. (2023) [18,19]. 

The material used in this study is SCM420 (Alloy Steel 

for Carburizing), a chromium–molybdenum alloy steel 

commonly used in automotive transmission systems. 

This material was selected due to its high tensile 

strength, excellent wear resistance, and ability to 

undergo surface hardening through carburizing and 

tempering processes [6]. The chemical composition of 

SCM420 follows the characterization results reported by 

Ramli et al. (2021) [6]. 

 
Table 2. Chemical composition of SCM420. 

Elemen Konten (%) 

Carbon, C 0.221 

Copper, Cu 0.063 
Molybdenum (Mo) 0.140 
Sulfur, S 0.013 
Manganese, Mn 0.641 
Phosphorous, P 0.012 
Silicon, Si 0.248 
Chromium (Cr) 0.947 
Nickel (Ni) 0.048 
Iron, Fe Balance 

 

Two primary simulation models were developed in 

this study: 

(1) A model without an initial crack, which was used 

to obtain the baseline stress and strain 

distribution under healthy conditions; and 

(2) A model with an initial crack, which was 

employed to analyze the effect of defect 

presence on local stress intensification and the 

potential occurrence of fracture. 

 

The initial crack was positioned at the tensile-side 

tooth root, which has been empirically identified as the 

predominant location for crack initiation due to cyclic 

bending stresses. The crack was modeled as a semi-

circular notch with a length of 1 mm and a depth of 0.5 

mm. 

 

The selection of this research object is based on the 
fact that the sun gear operates under high-torque and 
cyclic loading conditions, making it highly relevant for 
investigation in terms of stress–strain behavior, crack 
initiation, and structural failure risk. Considering its 
geometric characteristics, SCM420 material properties, 
and realistic torque conditions, the results of this study 
are expected to contribute to improving the accuracy of 
gear failure simulations and to provide design 
recommendations for more reliable automotive 
differential systems. 
 
2.2 Finite Element Analysis 

The Finite Element Analysis (FEA) was performed 

using ANSYS software to predict the stress and strain 

behavior of the front planetary sun gear under both 

healthy and cracked conditions. The selection of ANSYS 

was based on its capability to perform nonlinear contact 

analysis, elastic–plastic deformation evaluation, and 

accurate computation of Stress Intensity Factors (SIF) 

with a high degree of precision [14]. 

 

2.2.1 Geometric Modeling and Meshing 

The 3D gear model was constructed based on the 

dimensions listed in Table 1. The helical profile with a 

30° helix angle was modeled according to standard 

specifications to ensure accurate flank geometry and 

load contact representation [13]. 

The CAD model of the gear, including the initial crack 
formation, is illustrated in Figure 1, where the crack 
location is strategically positioned to simulate the critical 
stress region during torque application. 
 

 
 

Figure 1. CAD model and initial crack formation on the differential 
helical gear 

 

To ensure an accurate representation of the 
mechanical behavior, the material properties of the gear 
were defined based on the SCM420 alloy steel standard. 
The corresponding mechanical and physical properties 
are summarized in Table 3. 
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Table 3. Mechanical properties of SCM420[6]. 

Characteristic Value 

Tensile Strength, Ultimate 517 MPa 

Tensile Strength, Yield 365 MPa 
Modulus of Elasticity 200 GPa 
Bulk Modulus 140 GPa 
Poissons Ratio 0.27 
Shear Modulus 80.0 GPa 
Allowable Stress 1300 MPa 

 
After completing the CAD modeling and material 

property definition, the meshing process is performed. 
The mesh type used is tetrahedral with an element size 
of 0.004, resulting in a total of 72,966 tetrahedral 
elements. The location of the initial crack is indicated 
with an arrow [20]. The meshing result is shown in 
Figure 2. 
 

 
 

 
 

Figure 2. Meshing of the differential helical gear 

 

The simulation results are visualized as colored 

contour maps that illustrate the distribution of shear 

stress across the entire helical gear component. This 

visualization facilitates the identification of regions with 

the highest stress concentration, where red areas 

represent critical zones and purple areas indicate low-

stress regions. Such a visual approach enables analysts 

and designers to quickly locate potential failure points, 

particularly in geometrically complex regions such as 

fillets, tooth roots, and contact surfaces, which are 

typically prone to stress accumulation. 

The simulation was carried out using ANSYS software, 

which applies the Finite Element Method (FEM) to 

discretize the gear geometry into a number of 

interconnected small elements, allowing for precise 

numerical analysis. When the torque is applied, the 

software calculates the stress and deformation 

responses of each element, providing a detailed 

representation of stress distribution and propagation 

direction throughout the gear structure. This approach is 

highly effective for identifying local effects that cannot 

be accurately captured through conventional analytical 

calculations. 

The primary objective of the simulation is to 

determine the maximum stress distribution under an 

operational torque load of 175 Nm, and to evaluate 

whether this value remains below or exceeds the 

allowable stress limit of the SCM420 material. By 

comparing the maximum stress results with the 

allowable shear stress threshold, the structural safety 

factor of the gear design can be obtained. If the 

maximum stress remains below the allowable limit, the 

design is considered safe under actual operating 

conditions. Conversely, if the stress value exceeds this 

limit, it indicates the need for a review of material 

selection or optimization of gear geometry to achieve a 

more uniform load distribution. 

Such FEM-based analysis plays a crucial role not only 

in identifying potential design weaknesses, but also in 

supporting material enhancement, tooth profile 

optimization, and load management in subsequent 

design stages. Furthermore, the simulation results 

provide strategic insights for preventive maintenance, 

highlighting areas that may serve as initiation points for 

cracks or fatigue-induced failures, thereby helping to 

extend component lifespan and enhance the overall 

reliability of the transmission system. 

3 Results and Discussion 

This section discusses the simulation results obtained 
through the Finite Element Method (FEM) to evaluate 
the mechanical response of the differential helical gear 
under operational torque. The analysis focuses on the 
distribution of shear stress and shear strain, both of 
which are critical parameters for assessing the structural 
integrity and deformation behavior of gear components 
under load. 

The analysis was performed under two primary 
conditions: 

(1) the gear model without an initial crack, and 
(2) the gear model with an initial crack introduced at a 

predefined critical location. 

Initial 
Crack 



348 

 

 Fauzan, A Harmin, M Isra                                   Malikussaleh Journal of Mechanical Science and Technology 
              Vol.9  No.2 (2025) 344-351 

 
                                                        

 

These two models allow a comparative evaluation of 
how the presence of a crack influences the stress and 
strain responses of the gear. 

The simulation results are visualized using color 
contour plots, which enable the identification of critical 
stress zones where the gear may be at risk of failure. A 
comparison between both models provides valuable 
insights into the crack’s effect on the gear’s ability to 
safely transmit torque. This analysis is crucial not only 
for failure prediction, but also for gear design 
optimization, material selection, and preventive 
maintenance planning. 

 

3.1 Shear Stress Analysis 

The FEM simulation results indicate that the shear 
stress distribution on the helical gear surface is non-
uniform. The variation in stress levels reveals a 
significant difference between the regions directly 
subjected to contact loading and those located farther 
from the load path. 

Under the uncracked condition, the simulation results 
(Figure 3) show that the minimum shear stress is 6.158 × 
10⁻⁴ MPa, the maximum reaches 8,859.6 MPa, and the 
average is approximately 36.926 MPa. The stress pattern 
clearly demonstrates that the highest stress 
concentration occurs at the tensile-side tooth root, 
which is widely recognized as the potential crack 
initiation zone caused by repeated bending loads [21]. 

The shear stress simulation result for the model 
without an initial crack is presented in Figure 3. 
 

 

 
 

Figure 3. Von Mises shear stress simulation on the helical gear without 
an initial crack 

The maximum stress value, which significantly 

exceeds the allowable limit of the SCM420 material 

(1,300 MPa), indicates that the local stress has 

surpassed the elastic limit of the material. This condition 

suggests that the gear tooth is operating at or near the 

failure threshold. When the gear is subjected to 

repeated cyclic loading, especially under dynamic 

conditions such as acceleration or reversal of rotation, 

microcracks may begin to form and progressively 

propagate. 

In the model with an initial crack, the simulation 

results (Figure 4) show a significant increase in the 

maximum stress value, reaching 15,258 MPa, with an 

average of 65.462 MPa and a minimum of 8.047 × 10⁻³ 

MPa. This increase of approximately 72% indicates that 

the presence of an initial crack induces extreme stress 

redistribution around the crack tip. This phenomenon is 

consistent with the principles of Linear Elastic Fracture 

Mechanics (LEFM), where the stress gradient rises 

sharply near the crack tip depending on the Stress 

Intensity Factor (K) [22]. 

The shear stress simulation result for the gear model 

with an initial crack is illustrated in Figure 4. 

 

 
 

 
 

Figure 4. Von Mises shear stress simulation on the helical gear with an 
initial crack 

 
The contour pattern shows an elliptical stress 

accumulation around the crack tip, indicating that 

tensile stresses predominantly induce localized 
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deformation. This finding is consistent with the reports 

of Zhang et al. (2023) and Rad et al. (2014), who 

observed that increases in Mode I (Kᵢ) and Mode II (Kᵢᵢ) 

stress intensity factors due to tangential forces during 

torque cycles accelerate crack propagation in helical 

gears [6,20]. Overall, these results confirm that even a 

small initial crack of 1 mm can increase the maximum 

stress to more than five times the material’s allowable 

limit. Therefore, fillet design optimization, selection of 

materials with higher fatigue strength, and the 

implementation of vibration- and acoustic-based 

monitoring systems, as developed by Wang et al. (2025) 

and Zhang et al. (2023), are strongly recommended for 

early crack detection [2,20]. Accordingly, this FEM 

analysis demonstrates that the presence of an initial 

crack has a critical influence on stress concentration and 

can serve as a predictive indicator of structural failure in 

helical differential gears. 

 

3.2 Equivalent Elastic Strain 

In addition to stress analysis, the evaluation of 

equivalent elastic strain provides a quantitative measure 

of the total elastic deformation induced by the applied 

torque load. This parameter is essential for assessing the 

extent to which the material undergoes strain without 

exceeding the elastic limit, as well as for identifying 

high-deformation zones that may serve as potential 

initiation sites for failure. The simulation result of 

equivalent elastic strain for the helical gear without an 

initial crack is presented in Figure 5. 

 

              

 
 

Figure 5. Equivalent Elastic Strain simulation on the helical gear 
without an initial crack 

Under the uncracked condition, the simulation results 

(Figure 5) show a minimum equivalent elastic strain of 

3.890 × 10⁻⁸ mm/mm, a maximum of 4.437 × 10⁻² 

mm/mm, and an average of 2.042 × 10⁻⁴ mm/mm. The 

largest deformation occurs at the tensile-side tooth 

root, which directly corresponds to the region of 

maximum stress concentration. Strain levels at the flank 

and hub areas are relatively low, indicating that the 

overall gear structure remains within the safe elastic 

range. 

According to the literature, a high mean stress (R-

ratio) tends to reduce fatigue life and facilitate the 

initiation of microcracks, particularly within the high-

cycle fatigue regime (≥10⁶–10⁷ cycles). To account for 

this effect in fatigue life estimation up to crack initiation, 

parameters such as the Smith–Watson–Topper (SWT) 

parameter or Morrow’s mean stress correction within 

the strain–life (ε–N) approach should be applied [8,23]. 

The equivalent elastic strain simulation result for the 

helical gear with an initial crack is presented in Figure 6. 

 

 
 

 
 

Figure 6. Equivalent Elastic Strain simulation on the helical gear with 
an initial crack 

 

Under the cracked condition, the strain values 

increase sharply, with εmin = 4.024 × 10⁻⁸ mm/mm, εmax 

= 1.154 × 10⁻¹ mm/mm, and εavg = 3.890 × 10⁻⁴ mm/mm 

(Figure 6). The 160% increase compared to the healthy 

condition indicates that the presence of an initial crack 

significantly amplifies local deformation. The strain peak 
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is concentrated around the crack tip and extends toward 

the flank, forming an elliptical deformation zone. This 

finding is consistent with the results of Marquesa et al. 

(2020) and Paul et al. (2016), who reported that the 

interaction between Mode I–II (Kᵢ–Kᵢᵢ) at the crack tip 

can increase the equivalent strain (εeq) by up to 

threefold [24,25]. 

The combination of increased stress and strain results 

in a substantial rise in strain energy density around the 

crack tip, which accelerates crack initiation and 

propagation, as discussed by Xu et al. (2021) [26]. To 

mitigate this effect, optimization of the fillet radius and 

implementation of surface hardening treatments such as 

shot peening or double carburizing are recommended, 

as these have been proven to reduce the maximum 

equivalent strain (εeq) by up to 30% and extend the gear 

fatigue life [27,28]. 

Therefore, the simulation results confirm that the 

presence of an initial crack serves as the primary source 

of excessive deformation and fatigue life reduction. The 

equivalent elastic strain analysis using FEM has proven 

effective for predicting localized deformation, 

identifying potential failure regions, and providing a 

foundation for reliability-based design in modern 

automotive transmission systems. 

4 Conclusion 

Based on the simulation and analysis results obtained 

using the Finite Element Method (FEM), it can be 

concluded that the front planetary sun gear in the 

helical differential system exhibits a non-uniform 

distribution of stress and strain, with the highest 

concentration occurring at the tensile-side tooth root. 

Under an operational torque load of 175 Nm, the 

maximum stress reaches 8,859.6 MPa, far exceeding the 

allowable stress limit of 1,300 MPa for SCM420 steel, 

indicating the potential for structural failure under 

extreme operating conditions. 

The presence of a 1 mm initial crack was found to 

exacerbate this condition, increasing the maximum 

stress to 15,258 MPa and amplifying the equivalent 

elastic strain by approximately 160% compared to the 

uncracked (healthy) model. This phenomenon confirms 

that microcracks at the tooth root play a significant role 

in accelerating crack initiation and propagation, driven 

by the increase in strain energy density around the crack 

tip. 

Therefore, optimization of the tooth-root geometry 

and the application of surface treatment techniques 

such as shot peening or advanced carburizing are 

necessary to reduce stress concentration and extend the 

fatigue life of the gear. Furthermore, the 

implementation of vibration- and acoustic-based 

monitoring systems is recommended for the early 

detection of microcracks before catastrophic failure 

occurs. 

 

The findings of this study demonstrate the 

effectiveness of FEM in predicting mechanical behavior 

and localized failure, providing a solid foundation for the 

development of reliability-based design and preventive 

maintenance strategies in modern automotive 

transmission systems. 
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