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Abstract Surface hardened spur gears are one of the most commonly used machine elements regarding the power 

transmission. During gear service life, variable and cyclic nature of the stresses at the tooth root may lead to material 

fatigue, commonly known as bending fatigue. The bending fatigue may cause crack initiation and consequently 

propagation at the tooth root fillet, eventually resulting in a tooth breakage. In this paper, the authors presented a 

computational model for predicting the number of cycles required for crack initiation. Two cases of driven gears are 

considered. Elastic finite element analysis is used to generate the numerical models which accounts for the nominal 

tooth root stress change during the gear meshing. Additional effects due to friction and centrifugal force are also 

considered. Fatigue models are generated using the strain-life approach and finite element analysis results. Mean and 

residual stresses, along with the local plastic deformation effects, are also considered. The bending fatigue life results 

are in good agreement with the experimental data from the available literature for the first case and conservative for 

the second. 
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1. Introduction 

 

When it comes to mechanical power transmission, spur gears are one of the most commonly used 

machine elements. Unfavorable working conditions, such as the variable and cyclic nature of nominal 

stresses occurring at the tooth root may result in material fatigue, more commonly known as bending 

fatigue, and subsequently cause a crack initiation. When assessing bending fatigue life of the spur gears, 

the existing studies frequently do not consider stress change caused by elastic deformations of tooth root 

and flank during gear meshing. Lisle et al. [1] investigated different approaches regarding the spur gear 

tooth root bending stress calculation. The authors have found that the finite element method (FEM), as 

opposed to conventional standards [2] and [3], produced the most accurate results when compared to the 

experimental values. Podrug [4] simulated the gear mesh by changing the position of a load along the 

tooth flank, thus serving as a replacement for the actual contact boundary conditions. Zhan et al. [5] 

conducted a quasi-static analysis of gear meshing to obtain characteristic stress curves for tooth root and 

flank, while Li and Chen [6] studied only tooth root stress change obtained from numerical simulations of 

an actual gear meshing. In addition to bending fatigue analyses not representing an actual gear meshing, 

other influential effects due to friction [7] and centrifugal force [8] are often not considered. Regarding the 

fatigue testing and gears simulation, Gasparini et al. [9] studied the effects of material, design and 

manufacturing parameters on bending fatigue life of helicopter gears. Handschuh et al. [10] conducted 

single-tooth bending fatigue tests on steel spur gears by applying the load at the highest point of single 

tooth contact (HPSTC). Kumar et al. [11] studied spur gear bending fatigue crack initiation and the effects 

of heat treatment processes by using American Gear Manufacturing Association (AGMA) design 

approach. The authors observed that the bending fatigue life of through hardened gears was greater as 

opposed to case hardened gears. Savaria et al. [12] have shown that processes such as carburizing have 

additional impact on fatigue crack initiation by prolonging the fatigue life, which is of particular 

importance to the surface-hardened spur gears. In addition, Wang et al. [13] studied the influence of shot 

peening on the durability of the mechanical components, which results in greater compressive residual 

stress values on the gear surface, thus having a positive impact on the bending fatigue life. To predict the 

number of cycles required for crack initiation, a computational model based on elastic FEM and strain-life 

approach is proposed. The proposed model simulates gear meshing and includes both tooth root and flank 

elastic deformations, centrifugal force, friction and residual stress due to surface heat treatment processes. 

The obtained predictions are compared to the experimental values as well as numerical simulations 

presented in other studies. 

 

2. Materials and methods 

The finite element method (FEM) and bending fatigue simulations are carried out on a steel spur gear 

pair [14]. Geometrical, material and loading parameters are presented in Table 1. 
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Table 1. Geometric, material and loading parameters of the testing gears [14] 

Parameter, Symbol Drive gear Driven gear 

Number of teeth, z 28 

Module, m 3.175 mm 

Face width, b 6.35 mm 

Normal pressure angle of basic rack, α 20° 

Root fillet radius of basic rack, ρfP 0 

Addendum of basic rack, haP 3.334 mm 

Dedendum of basic rack, hfP 4.286 mm 

Tip diameter, da 95.25 mm 

Center distance, a 88.9 mm 

Tooth rim thickness/height ratio, mB 3.3 (solid gear) 
3.3 (solid gear) 

0.3 (thin rim gear) 

Material designation 14NiCrMo 13-4 (AISI 9310) 

Modulus of Elasticity, E 207 GPa 

Poisson coefficient, ν 0.3 

Density, ρ 7700 kg/m3 

Coefficient of friction, µ 0.05 

Applied torque, T 

135.66 Nm (for solid driven gear) 

88.81 Nm (for thin rim driven gear) 

Rotational speed, n 10 000 rpm 

 

Two cases are considered. The drive gear is solid (mB = 3.3), while the driven gear, which is always the 

test gear, is solid in the first and thin rimmed (mB = 0.3) in the second case. To reduce the necessary 

number of cycles required for crack initiation, a small notch using electric discharge machining (EDM) 

was created in the region with maximal principal tooth root stress (Figure 1). The orientation and the 

dimensions of the notch are provided in the literature [14]. Numerical quasi-static analysis is conducted 

within commercially available FEM software Abaqus 6.13 [15]. Spur gear models are generated and 

loading conditions assigned using the data provided in Table 1. According to Pehan et al. [16] the plane 

stress state can be assumed if the gear face width is less than 6∙m. Therefore, both gears are discretized 

using an 8-node plane stress elements, designated within Abaqus as CPS8. Boundary conditions are 

assigned according to Figure 1.  

 

 

The torque is applied to the drive gear, while the angular rotation of the driven gear is defined by angle ϑ; 

ranging from ϑ = 0 to ϑ = 77. Starting position is shown in Figure 1. Due to large displacements, a non-

linear geometry (NLGEOM) option is used within Abaqus. It is assumed that all tested gears are made of 

homogenous, isotropic and linearly elastic material. To increase the model accuracy, influences of 

Figure 1. Boundary conditions of the solid and thin rim spur gear 
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centrifugal force and friction between the meshing teeth are included. The resulting maximum principal 

stress cycles in the tooth root are further analyzed using the commercial software FE-Safe [17]. Number 

of cycles required for crack initiation in the tooth root is calculated using the strain-life approach (ε-N). 

The basis for the strain-life approach is the Basquin-Coffin-Manson equation (Eq.1), further adjusted by 

Morrow [18] to account for the mean and residual stress effects (Figure 2): 

 

  

(1) 

 

  

Fatigue parameters necessary for strain-life method (Table 2) are calculated from hardness according to 

[19] and hardness conversion tables provided in [20] for the critical region regarding crack initiation 

located at the tip of the created notch. The crack is assumed to originate at the surface which is 

characteristic for low-cycle bending fatigue, while the crack initiation in the high-cycle fatigue mostly 

occurs at the transition from carburized to case layer [21]. The residual stress at the notch tip, where the 

crack initiation is expected, is taken from the literature [22] for the specified notch depth. 

Table 2. Material parameters for fatigue analysis of solid and thin rim spur gear 

Material parameter, symbol Solid spur gear Thin rim spur gear 

Cyclic strength coefficient, K’ 5377 MPa 5146 MPa 

Cyclic strength exponent, n’ 

Fatigue strength coefficient, σ’f 

0.161 

3149 MPa 3072 MPa 

Fatigue strength exponent, b -0.09 

Fatigue ductility coefficient, ε’f 0.036
 

0.040 

Fatigue ductility exponent, c -0.56 

 

3. Results and discussion 

 

The bending fatigue life is calculated using the proposed model. The resulting values are compared 

against the experimental and numerical results from the other studies (Table 3). 

Table 3. Comparison of bending fatigue life results 

 Number of cycles required for crack initiation, Ni 

 

Solid spur gear Thin rim spur gear 

Experimental values [14] 100 300 2 910 000 

Numerical predictions [14] 340 000 1 530 000 

Numerical predictions [4] 19 600 7 000 

Predictions with the presented model  100 184 114 051 

Numerical predictions for solid spur gear (mB = 3.3) found using the presented computational model are in 

good agreement with the experimental values. For the thin rim spur gear (mB = 0.3), numerical predictions 

are conservative when compared to the experimental values. The authors suspect that increased bending 

fatigue life found in the experiment with thin rim gears is caused by an increase in transverse contact ratio. 
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Figure 2. Schematic representation of adjusted Basquin-Coffin-Mason equation [7] 
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Due to the decreased rigidity of the rim, it is possible for three pairs of gear teeth to mesh simultaneously, 

resulting in a decrease of maximum principal stress in the tooth root and consequently increasing the 

bending fatigue life. In addition, the thin rim gear crack initiation was experimentally detected [14] after 

the failure of the third strand on the crack propagation gauge. Contrary to the thin rim gear, for the solid 

gear crack initiation was detected after the failure of the first strand. For this reason, it can be concluded 

that more time was required for the crack to reach the third strand. Thus, a greater number of cycles until 

detection was observed.  

 

4. Conclusions 

 

In this paper, a computational model for predicting bending fatigue lives of a surface hardened spur 

gears was presented. The gear meshing was simulated and nominal tooth root stress values were found 

using the elastic finite element analysis, while considering adverse effects due to friction, residual stress 

and centrifugal force. The obtained stress values were then used to predict the number of cycles required 

for crack initiation in the tooth root. The results are in good agreement with the experimental values for 

the solid spur gear and conservative for the thin rim spur gear. In the future studies, change in the 

boundary conditions due to deformations of the thin rim will be included to further contribute to the 

accuracy of the computational model. 
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