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Abstract: Gear contact fatigue has becoming a bottleneck restricting the safety and reliability of wind
turbine transmission systems. Tooth interior fatigue fracture (TIFF) failure is commonly observed in
case-hardened wind turbine gears. In this work, a contact fatigue model is developed to investigate
the effect of design parameters and material properties on TIFF of wind turbine gears. The sub-surface
stress field is obtained by superposing the load-introduced stress and initial residual stress. The hardness
gradient of the hardened layer is measured by Vickers hardness tests. Based upon the stress field
and material properties, a fatigue parameter analysis is presented to characterize the risk of TIFF by
using the Dang Van multiaxial fatigue criterion. Results show that the risk of TIFF increases with
increasing external load. Increasing pressure angle and residual compressive stress could reduce TIFF
risk. The combination of high surface hardness, low core hardness, and large effective case depth could
inhibit the crack initiation.
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1. Introduction

Wind turbines are usually installed on wild fields or offshore. The service life of wind turbines
reaches up to 20–30 years, which is a significant challenge to the design and maintenance. Gear contact
fatigue has become a bottleneck, restricting the safety and reliability of wind turbine transmission systems
as harsh working conditions and higher power density are developed. Typical contact failures of gears
include micropitting, pitting, and scuffing. Such forms of failure have corresponding design methods
and technical requirements in IEC6140-4 wind power gearbox design specifications [1] and the DNV
GL wind power gearbox certification guide [2]. In addition to the above typical contact failure types
is tooth fatigue interior fracture (TIFF) failure, as reported in heavy-duty wind turbine gearboxes, which
is significantly different from pitting and tooth breakage.

From the perspective of the failure mechanism, micropitting and pitting are caused by the initiation
and propagation of cracks on or near the surface of the gears. The stress concentration and fluctuation
near the surface is one of the main contributors. However, the initiation cracks of TIFF are usually
observed in the interface of the case-hardened layer and core. In addition, the difference between
the TIFF and the tooth root fatigue fracture is that the TIFF is manifested as a fracture in the mid-height
of the tooth profile, while a tooth root break is triggered by a crack near the tooth root [3]. As shown
in Figure 2, TIFF is also referred to as tooth fatigue fracture (TFF), which is usually observed when
the gear is loaded on both sides [4]. In this work, these two fatigue failure types are not distinguished,
since there are many common features as follow:
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(1) TIFF is commonly reported in heavy-duty carburized gears.
(2) The fracture section is usually observed in the mid-height of the tooth.
(3) The main crack of TIFF is at an angle of 40–50◦ with the tooth surface.
(4) Most of the failure gears caused by TIFF do not show micropitting or pitting on the tooth surface.
(5) Crack initiation occurs at the junction between the hardened layer and the core and is often

accompanied by non-metallic inclusion, as shown in Figure 1.
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[7], and other gear research institutions. MackAldener and Olsson [8,9] studied the influence of 
geometrical parameters, material strength, and carburized layer depth on TIFF by using the finite 
element method. Al et al. [10] summarized the calculation method of TIFF into four steps: stress 
history analysis, residual stress analysis, multiaxial fatigue criterion selection, and failure risk 
assessment. Based on the ISO/TS 6336-4 [11] calculation method, Hein et al. [12] studied the influence 
of different parameters on the TIFF failure risk of gears. Octrue et al. [13] established the TIFF failure 
evaluation model by integrating the CAE analysis method and multiaxial fatigue criteria, and 
analyzed the influence of carburized layer depth. However, the above studies mainly focus on gears 
with a small modulus, and the combined effect of working conditions and the properties of the case-
hardened layer is neglected. In addition, the analysis of crack propagation, which might lead to the 
final failure, is also absent. Most recently, Liu at al. [14] studied contact fatigue of case-hardened gears 
based on the concept of material exposure. They suggested that sub-surface contact fatigue should 
focus on both the risk of pitting and TIFF in the case–core transition area of case-hardened gears. He 
et al. [15] investigated the contact fatigue behavior on heavy-duty conditions by using a developed 
damage-coupled elastic–plastic contact frame with continuous damage mechanics. They pointed out 
that gear contact fatigue is usually dominated by the cyclic elastic strains under a wide range of load 
conditions. 

The wind turbine gearbox is the classical heavy-duty and speed-up gear transmission. To 
increase the loading capacity, the large modulus and case-hardening process is commonly applied in 
the gears. Considering the increasing demand of higher power density, the analysis of TIFF is a great 
necessity to improve the design guidance and optimization method. In this paper, a numerical model 
is developed to investigate the effect of design parameters on the TIFF of wind turbine gears. The 
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Figure 2. Tooth internal fracture fatigue failure.

Over the past decades, special attention has been given to TIFF by FZG [5], SMT [6], KISSsoft [7],
and other gear research institutions. MackAldener and Olsson [8,9] studied the influence of geometrical
parameters, material strength, and carburized layer depth on TIFF by using the finite element method.
Al et al. [10] summarized the calculation method of TIFF into four steps: stress history analysis,
residual stress analysis, multiaxial fatigue criterion selection, and failure risk assessment. Based on
the ISO/TS 6336-4 [11] calculation method, Hein et al. [12] studied the influence of different parameters
on the TIFF failure risk of gears. Octrue et al. [13] established the TIFF failure evaluation model by
integrating the CAE analysis method and multiaxial fatigue criteria, and analyzed the influence of
carburized layer depth. However, the above studies mainly focus on gears with a small modulus,
and the combined effect of working conditions and the properties of the case-hardened layer is neglected.
In addition, the analysis of crack propagation, which might lead to the final failure, is also absent.
Most recently, Liu at al. [14] studied contact fatigue of case-hardened gears based on the concept of
material exposure. They suggested that sub-surface contact fatigue should focus on both the risk of
pitting and TIFF in the case–core transition area of case-hardened gears. He et al. [15] investigated
the contact fatigue behavior on heavy-duty conditions by using a developed damage-coupled
elastic–plastic contact frame with continuous damage mechanics. They pointed out that gear contact
fatigue is usually dominated by the cyclic elastic strains under a wide range of load conditions.

The wind turbine gearbox is the classical heavy-duty and speed-up gear transmission. To increase
the loading capacity, the large modulus and case-hardening process is commonly applied in the gears.
Considering the increasing demand of higher power density, the analysis of TIFF is a great necessity to
improve the design guidance and optimization method. In this paper, a numerical model is developed
to investigate the effect of design parameters on the TIFF of wind turbine gears. The sub-surface stress
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field is obtained by superposing the load-introduced stress and initial residual stress. The hardness
gradient of the case-hardened layer is measured by Vickers hardness tests. Based upon the stress field
and material properties, a fatigue parameter analysis model is presented to characterize the risk of TIFF
by using the Dang Van multiaxial fatigue criterion. Combined with the theory of linear elastic fracture
mechanics, the Paris formula is used to analyze and predict the crack initiation and propagation life.
The effects of external load, geometry parameters, and material properties on fatigue performance
are discussed. With the help of this work, an attempt is made to provide guidance to the engineering
design for improving the service performance of wind turbine gears.

2. Methodology

In engineering practice, TIFF failure is widely observed in the driven gear of the intermediate
parallel stage of 2 MW wind turbine gearboxes. This type of gearbox adopts NGW planetary gear
sets composed of one planetary stage and two parallel stages. The total transmission ratio is 128.1,
and the rated power is 2282 kW. The parameters of the discussed gear pair are listed in Table 1.
The analysis focused on the highest point of single tooth contact (HPSTC) point of the driven gear,
which experiences the maximum Hertzian contact pressure under rated torque. The technical route
is shown in Figure 3.
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Table 1. Gear parameters.

Parameters Values

Number of teeth Z1 = 116, Z2 = 23
Normal module m0 = 0.011 m

Face width bw = 0.273 m
Pressure angle α0 = 20◦

Helix angle β0 = 10◦

Gear shifting coefficients x1 = −0.27, x2 = 0.33
Rated input torque T1 = 281, 632 Nm

Input speed N1 = 152 r/min
Gear material 18CrNiMo7-6
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2.1. Sub-Surface Stress Field

The sub-surface stress field of gears is mainly composed of the external load introduced stress
and initial residual stress caused by heat treatment and the machining process. The meshing gear pair
can be treated as two contacting cylinders at every engagement instant. Then it can be further modeled
as a rigid cylinder and deformable half-space based on Hertzian contact theory, as shown in Figure 4.
Gear surface roughness and lubricants lead to pressure fluctuation. Its influence on the stress field
mainly concentrates at or very near the contact surface, while the effects on the stress at the deeper
layer is limited [16]. This works aims to investigate the TIFF failure at the deeper subsurface. Herein,
the Hertzian pressure distribution was assumed. The stress field can be calculated based on elastic
mechanics with the plane strain assumption [17]:
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The initial residual stress of gears is mainly affected by the parameters of the carburizing, 
quenching, and grinding process. In the quenching process, the residual stress is formed due to the 
difference of phase transition rate between the case and core crystal. In the grinding process, the 
residual stress can be generated by plastic deformation in the process of chip removal, temperature 
gradient caused by grinding heat, and phase transition caused by machining at high enough 
temperature. Meanwhile, the grinding allowance also removes part of the material and causes the 
redistribution of residual stress. As shown in Figure 5, the equivalent stress formed by the 

Figure 4. Schematic diagram of gear contact stress.

The initial residual stress of gears is mainly affected by the parameters of the carburizing, quenching,
and grinding process. In the quenching process, the residual stress is formed due to the difference of
phase transition rate between the case and core crystal. In the grinding process, the residual stress can
be generated by plastic deformation in the process of chip removal, temperature gradient caused by
grinding heat, and phase transition caused by machining at high enough temperature. Meanwhile,
the grinding allowance also removes part of the material and causes the redistribution of residual stress.
As shown in Figure 5, the equivalent stress formed by the superposition of residual stress and shear
stress gradually approximates the shear strength of the material, forming an internal high-risk zone of
fatigue fracture.
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The residual stress can be measured by using the X-ray diffraction method or determined with
an empirical formula. The residual stress in case-hardened gears is usually described as a function
of hardness gradients. Lang [18] summarized the relation between hardness and residual stress as
follows: 

f or[HV(z) −HVcore] ≤ 300
σr(z) = −1.25[HV(z) −HVcore]

f or[HV(z) −HVcore] > 300
σr(z) = 0.2857[HV(z) −HVcore] − 460

(2)

Considering the influence of pressure angle, the residual stress is decomposed in terms of the direction
of the coordinate axis in Figure 4. Furthermore, the decomposed residual stresses are superimposed onto
the elastic stress components prior to the fatigue analysis [19].

σx,r =
σr
2 × [1 + cos(2α0)]

σy,r = σr

σz,r =
σr
2 × [1− cos(2α0)]

τxz,r =
σr
2 × sin(2α0)

(3)

2.2. Hardness Gradient

Surface hardening, such as carburizing or nitriding treatment, is widely used to improve the loading
capacity of gears. The material properties are closely related with the hardness gradient [20]. Commonly
used hardness gradient curves of carburized gears include the Lang curve [18] and Thomas curve [21].
The Lang hardness gradient curve is given as follows: HV(z) = Hsur f aceg( z

CHD ) + Hcore
[
1− g( z

CHD )
]

g( z
CHD ) = 10−0.0381( z

CHD )−0.2662( z
CHD )2 (4)

where Hsur f ace is the tooth surface hardness, Hcore is the hardness of the core, z is the depth from the tooth
surface, and CHD denotes the depth of the effective hardened layer of the gear. The Thomas hardness
gradient curve is given as follows:

HV(z) =


aaz2 + baz + ca f or 0 ≤ z ≤ CHD

abz2 + bbz + cb f or CHD ≤ z ≤ zcore

Hcore f or z ≥ zcore

(5)

In addition, a Vickers hardness tester is used to measure the hardness gradient of the gear samples,
as shown in Figure 6. The comparison between measured data and the empirical curves is shown in Figure 7.
It can be seen that there is a significant difference of hardness from case to core for the case-hardened gear.
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Furthermore, the measured hardness data fitted well with the Thomas curve, which is used in the following
analysis for simplification.
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2.3. Multiaxial Fatigue Criterion

Because of the complicated time-varying multiaxial stress state and the non-proportional loading,
gear contact fatigue is commonly evaluated using multiaxial fatigue criteria. The critical plane
based multiaxial fatigue criteria, such as Dang Van and Finley and Matake criteria, are widely
applied since the prediction results of fatigue life and damage site coincide well with experimental
observations [22–24]. For the critical plane method, the combination of stress components and fatigue
parameters is determined by the multiaxial fatigue criteria in terms of the mechanism of crack nucleation.
According to the Dang Van criterion, the initiation of fatigue cracks is caused by the plastic strain on
the grains in the characteristic slip zone within the critical volume of the material, while the hydrostatic
stress σH promotes the further propagation of the cracks [22]. The fatigue criterion is defined on
the critical plane as follows: {

σeq(z) = τmax(z) + αDVσH(z)
αDV = 3( τ−1

σ−1
−

1
2 )

(6)

where τ−1 and σ−1 are the fully reversed torsion and bending fatigue limits under a certain life cycle,
i.e., 5× 107. For alloy steel gears, it can be given as a function a hardness gradient as follows [25]: τ−1(z) = 0.773HV(z) − HV(z)2

3170

σ−1(z) =
τ−1(z)
0.577

(7)
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The fatigue parameter is determined by the ratio of equivalent stress and material strength on
the critical plane.

S = σeq/τ−1 (8)

If the fatigue parameter is higher than the critical value, which is given as 1 for case-hardened
gears, the interested material point might have a high risk of TIFF failure.

2.4. Crack Life Prediction

According to the classical Wohler curve [26] and Dang Van criterion, the life of crack initiation can
be given as follows [25]:

Ni =
1
2

τmax + 3( τ−1
σ−1
−

1
2 )σH

τ′ f


1/b

(9)

where Ni is the crack initiation life based on Dang Van criterion, and τ′f is the shear fatigue strength

coefficient determined as τ′f = σ′f /
√

3. The fatigue strength component b and the axial fatigue strength
coefficient σ′f are determined by material properties [27].

The crack propagation rate can be described by the Paris crack growth formula as follows:

da
dN

= C(∆Keff − ∆Kth)
m (10)

where the crack propagation coefficient is given as C = 3.31 × 10−17 [28]. ∆Ke f f is the equivalent
stress intensity factor (SIF), and ∆Kth is the critical stress intensity factor. The crack propagates when
∆Ke f f ≥ ∆Kth. Assuming the initial crack length is a0, then the crack grows to ac at a certain angle until
fracture is formed, as shown in Figure 8.
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The range of SIF is calculated as follows [25]:

∆Keff = ∆K ×U(ac)

U(ac) = 0.89
[
1 + 0.11 exp(− ac

20 )
]

∆K =
τcorrect

2 √πac
HV(z)

τcorrect =
τmaxδk
ψ −

τminδk
ψ

ψ = e−4.3ε

δk = (kt − 1)η+ 1

(11)



Metals 2020, 10, 1497 8 of 18

where ψ represents the effect of porosity on the effective loading area, kt represents the pore shape
coefficient, and δk and η are used to consider notch effect and the microstructure of the material.
The critical stress intensity factor is calculated as follows [29]:

∆Kth = 2.45 + 3.41× 10−3HV(z) (12)

The crack propagation life is [30]
Np =

ac∫
a0

C(∆Ke f f − ∆Kth)
m

a0 = 1
π (

∆Kth
0.95σb

)
2

ac =
1
π (

Kc
σmises

)
2

(13)

To sum up, the total fatigue life can be expressed as

N f = Ni + Np = Ni +

ac∫
a0

C(∆Ke f f − ∆Kth)
m (14)

3. Results and Discussion

3.1. Calculation of Contact Life

Figure 9 shows the distribution of unit length load from the start of active profile (SAP) to the end
of active profile (EAP) under rated torque. The maximum load is observed at the highest point of
single tooth meshing (HPSTC). Combined with the equivalent radius of curvature, the maximum
Hertzian pressure, 1170 MPa, and the half-width of the Hertzian contact, 0.96 mm, can be obtained
at HPSTC. Figure 10 presents the distribution of stress components by considering the influence
of residual stress. The maximum values of normal stress σx, σy, σz are found at the surface.
The values are σx = −1419.03 MPa, σy = −984.36 MPa, σz = −1202.43 MPa, respectively. It can be
seen that the distribution of shear stress is asymmetric, since the influence of initial residual stress
and the maximum of shear stress, τxz = −413.61 MPa, is observed at the depth of z = 0.5 mm.Metals 2020, 10, x FOR PEER REVIEW 9 of 19 
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The profiles of fatigue parameter and life along the depth direction is shown in Figure 11.
The maximum fatigue parameter is 0.38 at the depth of z = 1 mm. The corresponding fatigue life
is 1.284× 1012, and the crack propagation life is 5.828× 105. With the decrease of fatigue parameters,
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3.2. Analysis of Life Influencing Factors

3.2.1. Influence of External Loads

The following section analyzes the influence of external load and geometry parameters on the fatigue
performance. The fluctuant load of wind turbine comes from aerodynamic load of the blade, additional
load of unit installation, impact load caused by short circuit of the generator, etc. The design life of
the wind turbine is usually 20–30 years, and the input load related to gearbox design is time series load
including 6 degrees of freedom. To simplify the calculation, the time series load is reduced into a load
spectrum with 40 loading conditions in terms of the Palmgren–Miner rule, as shown in Figure 12.
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It can be seen from Figure 13 that the fatigue parameter increases with the increasing amplitude
of the load. The maximum fatigue parameter changes from 0.24 to 0.42, and the corresponding
depth varies between 0 and 1mm, as shown in Figure 14. If the material defect happens at this layer,
such as gear grinding burn and material non-metallic inclusion, it can easily lead to severe contact
fatigue failure.
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3.2.2. Influence of Gear Geometric Parameters

The influence of gear parameters on TIFF failure includes macroscopic geometric parameters
and modification parameters. According to Hertz contact theory, the curvature radius is the main geometrical
factor affecting the pressure and stress distribution of gears. Generally, for the given gear pair, macro
parameters such as modulus and helix angle are determined by contact and bending strength requirements,
which are difficult to adjust. To study the influence on the fatigue parameters, three groups of different
equivalent radii of curvature are obtained by adjusting the pressure angle, as shown in Table 2.

Table 2. Parameter combination of different equivalent radii of curvature.

Press Angle (deg) Working Center
Distance (mm)

Profile Shift
Coefficient

Radius of Curvature
at HPSTC Equivalent Radius of

Curvature (mm)
Pinion Wheel Pinion Wheel

20 777 0.33 0.27 58.15 227.60 46.316

22.5 777 0.28 0.22 64.62 255.61 51.58

25 777 0.24 0.17 68.63 283.65 55.26

Figures 15 and 16 illustrate the profiles of fatigue parameter and life under different equivalent radii
of curvature. The fatigue parameters decrease with the increasing equivalent radius of curvature within
the depth of z = 0− 1 mm, and the corresponding fatigue life increases accordingly. The minimum
fatigue life of three cases are observed around the depth of z = 1 mm, and the corresponding values
are 1.28× 1012, 9.57× 1011, and 3.15× 1012, respectively. At the layer deeper than 1 mm, there is no
explicit interrelation between the change of fatigue parameters and the equivalent radius of curvature.
The fatigue parameter in the case of 51.58 mm is larger than the case of 55.26 mm. It can be seen that
the risk of TIFF failure cannot be reduced just by increasing the equivalent radius of curvature. Instead,
the macro-parameter optimization design of the gear should be carried out according to the critical site
of the maximum fatigue parameter.
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Load fluctuation often occurs during the operation of wind turbine due to the influence of
wind shear, turbulence, and other factors. The crowning modification is usually applied to prevent
the gear edge contact and decrease vibration, as shown in Figure 17. The existence of crowning reduces
the effective contact area of the tooth surface and increases contact load. It is necessary to study the effect
of the gear profile modification parameter on fatigue properties for the compromise between load
distribution and fatigue performance. Four modification parameters, namely Cβ = 0, 20, 40, 60 µm,
were investigated. It can be seen from Figure 18 that a larger Cβ caused a smaller effective contact area
of the tooth surface and a higher unit length line load. Figures 19 and 20 present the variation of fatigue
parameter and life. The minimum life values were 5.124× 1012, 1.284× 1012, 4.759× 1011, 2.208× 1011

in the four cases, respectively. It has been suggested that the modification parameter is of significant
influence on the fatigue life. The coupling relation between contact area and fatigue parameter under
extreme loads should be considered in the gear design to avoid the risk of the TIFF failure caused by
excessive crowning size.
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3.3. Influence of Gear Material Performance

According to the fatigue parameter calculation method, the risk of TIFF failure is involved with
material strength. For case-hardened gears, the local strength of the material is highly related to
the hardness gradient. The core parameters affecting the hardness gradient can be summarized as
surface hardness, core hardness, and effective case depth, as listed in Table 3. The orthogonal test
with L9

(
34

)
table is designed based on the Taguchi method. The different combinations of hardness

parameters are listed in Table 4. The fatigue parameter of nine cases are shown in Figure 21. Two local
maxima of fatigue parameter are observed. For the cases with thinner case layer, the crack initiation
occurs at deeper location. The results of orthogonal test are listed in Table 4. K(i) denotes the sum
of the fatigue parameter at level i for HVsur f ace, HVcore, and CHD. The mean value of every level
is represented by κi. The minimum fatigue parameter is 0.36 for HVsur f ace, which means the surface
hardness 745 HV is a better choice to decrease the failure risk. Similarly, using core hardness 390 HRC
and effective case depth 2.4 mm is beneficial for obtaining a smaller fatigue parameter. The ranges Ri
are 0.02, 0.01, and 0.14, respectively, indicating that the influence weights of the three factors on fatigue
parameters are CHD > HVsur f ace > HVcore. It is suggested that the optimized design of the hardened
layer can be given priority and, meanwhile, enhance the surface hardness by improving the heat
treatment process, which is conducive to reducing the risk of TIFF failure.

In addition, the fatigue performance is also affected by the residual stress after heat treatment
and grinding of gears. Figure 22 analyzes contact fatigue parameters and life under three cases of
without residual stress, and compressive and tensile residual stress. It can be seen that the residual
compressive stress can effectively inhibit the crack initiation and have a positive influence in reducing
the TIFF failure risk, while the existence of residual tensile stress increases the TIFF failure risk.

Table 3. Impact factor and level.

Influence Parameter Parameter Value

HVsur f ace 633 HV 675 HV 745 HV

HVcore 303 HV 343 HV 390 HV

CHD 2 mm 2.2 mm 2.4 mm
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Table 4. Three-parameter orthogonal test table.

Orthogonal Test
Number

HVsurface HVcore CHD Fatigue
Parameters

1 633 (I) 303 (I) 2 (I) 0.376

2 633 (I) 343 (II) 2.2 (II) 0.373

3 633 (I) 390 (III) 2.4 (III) 0.384

4 675 (II) 303 (I) 2.2 (II) 0.381

5 675 (II) 343 (II) 2.4 (III) 0.360

6 675 (II) 390 (III) 2 (I) 0.384

7 745 (III) 303 (I) 2.4 (III) 0.350

8 745 (III) 343 (II) 2 (I) 0.394

9 745 (III) 390 (III) 2.2 (II) 0.336

K(I) 1.133 1.107 1.154

K(II) 1.125 1.127 1.090

K(III) 1.080 1.104 0.744

κ1(=K(I)/3) 0.378 0.369 0.385

κ2(=K(II)/3) 0.375 0.376 0.363

κ3(=K(III)/3) 0.360 0.368 0.248

Ri 0.02 0.01 0.14

Optimal parameter
combination

HVsur f ace(III) HVcore(III) CHD(III)
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Figure 22. Influence of residual stress on fatigue parameters and life, (a) influence of residual stress on
fatigue parameters, (b) influence of residual stress on life.

4. Conclusions

(1) This work focuses on the tooth interior fatigue fracture (TIFF) of wind turbine gears. The fatigue
parameter analysis and life prediction model were established based on multiaxial fatigue criteria.
The effects of external load, geometry parameters, and material properties on the TIFF failure risk
and fatigue life were studied.

(2) With the fluctuated external load, the site of the maximum fatigue parameter changes within
the depth of 0− 1 mm. Overload would severely increase the fatigue parameter and accelerate the TIFF
failure. For the wind turbine gearbox, special attention should be paid to the influence of additional
load caused by turbulence and improper installation of the transmission chain.

(3) When the critical depth of the fatigue parameter is smaller than 1 mm, adopting a high pressure
angle to increase the equivalent curvature radius could reduce fatigue parameters and extend service
life. The crowning modification has a significant influence on the fatigue parameters and life. The gear
sign should comprehensively consider the depth of crack nucleation and geometry parameters.

(4) Different combinations of effective case depth and surface and core hardness have significant
influences on TIFF failure. The minimum fatigue parameters and the highest fatigue life are obtained in
the case of HVsur f ace = 745 HV, HVcore = 390 HV, and CHD = 2.4 mm. In the product design, the risk
of TIFF can be reduced by improving the surface hardness, reducing the core hardness, and increasing
the effective case depth. The residual compressive stress can significantly reduce the fatigue parameters
and prolong the service life.

(5) The influence of the microstructure and non-metallic inclusions on the fatigue parameters
and life needs further study.
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Nomenclature

α Pressure angle
β Helix angle
mn Normal modulus
σx, σy, σz Stress component along the axis
τxz Stress component along the z axis
HV(Z) Hardness at any point under the tooth surface
HVcore Core hardness
CHD Effective hardness depth
z Hardened layer depth
σr(z) Residual stress at any depth

σx,r, σy,r, σz,r
Component of residual stress along the coordinate
axis

τxz,r
Component of residual stress in the direction of shear
stress

σH Hydrostatic stress
τmax Maximum shear stress
σeq(z) Dang Van equivalent stress at any depth

σ−1
The fatigue limits at N = 107 cycles under fully
reversed bending

τ−1
The fatigue limits at N = 107 cycles under fully
reversed torsion

τ′ f The shear fatigue coefficient
σ′ f The axial fatigue strength exponent
Ni Crack initiation life
da/dN Crack growth rate
C Crack growth factor
m Crack growth index
∆Ke f f Equivalent stress intensity factor
∆Kth Critical stress intensity factor
a0 Initial crack length
ac Initial crack length
NP Crack growth life
σb Material tensile strength
σmises Mises stress
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