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Abstract: The contact fatigue of aviation gears has become more prominent with greater demands for 

heavy-duty and high-power density gears. Meanwhile, the coexistence of tooth contact fatigue damage 

and tooth profile wear leads to a complicated competitive mechanism between surface-initiated failure 

and subsurface-initiated contact fatigue failures. To address this issue, a fatigue-wear coupling model of 

an aviation gear pair was developed based on the elastic-plastic finite element method. The tooth profile 

surface roughness was considered, and its evolution during repeated meshing was simulated using the 

Archard wear formula. The fatigue damage accumulation of material points on and underneath the 

contact surface was captured using the Brown-Miller-Morrow multiaxial fatigue criterion. The 

elastic-plastic constitutive behavior of damaged material points was updated by incorporating the 

damage variable. Variations in the wear depth and fatigue damage around the pitch point are described, 

and the effect of surface roughness on the fatigue life is addressed. The results reveal that whether fatigue 

failure occurs initially on the surface or sub-surface depends on the level of surface roughness. Mild wear 

on the asperity level alleviates the local stress concentration and leads to a longer surface fatigue life 

compared with the result without wear. 

 

Keywords: gear contact fatigue; tooth wear; surface roughness; damage accumulation 

 

 

1  Introduction 

Gears are extensively utilized in numerous 

machines such as helicopters, ships, wind turbines, 

and vehicles. Particularly in the aviation, gears are 

important components that influence the reliability 

of helicopters, aero-engines, vertical-flight vehicles, 

and other aviation equipments [1]. There is a 

demand for improved performance, reduced 

weight, and increased temperature resistance in 

these aviation applications. Although there are 

many innovative manufacturing techniques, 

including surface superfinishing and shot peening 

that increase the life and reliability of these gears 

[2], aviation gears can fail or lead to disastrous 

accidents due to fatigue failures [3]. Gear contact 

fatigue life is one of the main factors determining 

the time between overhauls (TBO) of aviation 

transmissions. The contact fatigue problems of 

aviation gears are an important bottleneck in the 

industry. Addressing them requires methods to 

predict service performance, particularly the 

fatigue and wear behavior, so that engineers can 

design anti-fatigue gears to minimize failure rates 

and maximize reliability. Some typical flank 

contact failure modes of gears, such as pitting [4], 

micropitting [5], and deep spalling [6], are shown 

in Fig. 1. The diversity of contact fatigue failure 
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types reflects the complexity of the gear contact 

fatigue failure mechanism. The mechanism of gear 

contact fatigue has been the subject of many 

studies, of which some focused on the fatigue 

damage and wear process during operation [7–9]. 

The cyclic loading of machine elements, including 

gears, bearings, and cams, may progressively result 

in fatigue fracture after a large number of loading 

cycles. Among the broad category of fatigue 

problems, rolling contact fatigue is a special type 

[10]. Many theoretical and experimental contact 

fatigue studies have been conducted for over a 

hundred years. The Hertzian contact theory [11] 

was approved as the standard reference for the 

design of tooth surface strength in early times. 

However, it makes many tribological assumptions 

for calculating the contact stress field. Thus, it fails 

when the contribution of surface roughness and 

other factors is significant. To reveal the failure 

mechanism and achieve acceptable anti-fatigue 

performance, Dang Van and Maitournam [12], 

Brown and Miller [13], and Fatemi and Socie [14], 

to name a few, proposed multiaxial fatigue criteria 

based on stress, strain, and critical plane concept. 

Several excellent reviews describing the intrinsic 

connections and discrepancies between these 

criteria can be found in the literature [15, 16]. 

These fatigue theories are widely used to evaluate 

fatigue life under complicated multi-axial stress 

states, such as the repeated contact condition. 

These original fatigue criteria were extended and 

modified accordingly to address specific conditions 

that occur during gear contact. Based on a 

modified Dang Van diagram, Liu et al. [17] studied 

the influence of root mean square (RMS) value of 

surface roughness on the failure risk at critical 

material points and found that surface roughness 

significantly increased the contact fatigue failure 

risk within a shallow area, and the maximum risk 

appeared near the surface. Qin and Guan [18] 

predicted the number of loading cycles required 

for fatigue crack initiation using the Smith-  

Watson-Topper (SWT) multiaxial fatigue principle 

[19]. Because fatigue, particularly gear high-cycle 

fatigue, is a continuous process during which 

stress and strain change all the time, it is not 

sufficiently accurate to use the stress result of a 

single loading moment to predict the entire fatigue 

life. Based on the definition of a fatigue parameter 

(FP), a numerical method for calculating the 

damage caused by repeated rolling contact was 

proposed by Dang Van [20] and was used to 

illustrate the applicability of the methodology 

through a three dimentional (3D) simulation of 

rolling contact and investigation of rail high-cycle 

fatigue. Ringsberg et al. [21] combined a multiaxial 

fatigue crack initiation model with the damage 

accumulation theory to form a fatigue life 

prediction strategy for rolling contact fatigue crack 

initiation. Although this theory considers fatigue 

failure as a process of damage, it neglects the 

gradual deterioration of material properties 

during repeated loading. To address this issue, 

some scholars have proposed the continuous 

damage mechanics (CDM), among which the 

Lemaitre and Chaboche damage-coupled 

elastic-plastic constitutive formula [22] is widely 

used. Using the CDM concept, He et al. [23–25] 

analyzed the effect of residual stress and loading 

sequence on fatigue damage evolution during gear 

rolling contact. They pointed out that the influence 

of the loading sequence on the contact fatigue life 

gradually decreased as the frequency of load 

alternations increased. However, the 

 
Fig. 1  Some typical flank contact failure modes of gears. 
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computational modeling of gear contact failure 

remains a great challenge, even with advances in 

computing power and relevant theories. 

Different gear manufacturing processes such as 

hobbing, grinding, and superfinishing yield 

different surface roughness characteristics of the 

tooth profile. During repeated gear rolling, the 

tooth surface micro-topography greatly affects 

surface-initiated fatigue damage due to stress 

concentration near the surface. Hannes and 

Alfredsson [26] developed an asperity point load 

contact model and demonstrated that asperity 

height and local asperity friction have the largest 

effect on crack initiation risk. Suraratchai et al. [27] 

investigated the influence of machined surface 

roughness on the fatigue life of aluminum alloy 

and proposed an approach based on finite element 

analysis of measured surface topography. The 

superfinishing manufacturing technique, which 

remarkably improves the surface micro- 

topography quality,  effectively extends the gear 

contact fatigue life [28–30]. 

As the fatigue damage accumulates, the tooth 

profile also experiences moderate wear under 

repeated sliding-rolling action. Flodin et al. [31] 

and Sadeghi et al. [32] simulated the process of 

gear mild wear based on the well-known Archard 

wear law. However, analysis of the wear process of 

any tribological element without considering the 

surface micro-topography may lead to misleading 

results. The tooth surface micro-topography 

gradually changes during repeated rolling-sliding, 

characterizing wear as a complicated and long process. 

A dynamic wear evolution model considering surface 

micro-topography and tribological evolution was 

established by El-Thalji et al. [33], and their 

simulated results agree with experimental 

observations. Yuan et al. [34] proposed a wear 

reliability investigation of spur gears based on the 

cross-analysis method of a nonstationary random 

process that was further verified using test data. 

The tooth wear and crack during contact fatigue 

are not independent of each other. Wear introduces 

the evolution of surface micro-topography and, 

perhaps, changes to the general tooth profile if the 

surface is worn severely. The contact fatigue 

damage changes the mechanical properties of 

material points near the surface, while the surface 

micro-topography gradually evolves under the 

action of wear and local plastic deformation, thus 

affecting the evolution of fatigue damage in turn. 

Quantifying the influence of wear on damage 

evolution is an intricate matter. Recently, attention 

has been paid to the coupling mechanism of 

fatigue and wear during repeated contact. Garcin 

et al. [35] and Llavori et al. [36] simulated the 

evolution process of fretting damage by using 

finite element analysis and analytical calculation, 

respectively. Based on the CDM theory, Leonard et 

al. [37], Ghosh et al. [38], and Shen et al. [39] 

simulated the combined process of fretting wear 

and fatigue damage and discussed the effects of 

the surface roughness, frictional coefficient, 

material hardness, and Young's modulus on 

fretting wear. Some key results show that wear 

accelerates the nucleation of fretting fatigue cracks 

in the partial slip regime and greatly delays crack 

propagation. 

However, studies on the interaction between 

wear and fatigue damage during gear rolling 

contact are lacking in the literature. Focusing on 

the interaction between wear and crack 

propagation, Fletcher et al. [40] and Mazzù et al. 

[41] discussed the effect of wear on crack length 

reduction using computer simulations and 

experiments, respectively. They considered that 

the wear could cut off the surface crack and 

eliminate the small surface crack. The highlight 

feature of their contribution was the consideration 

of the coupling mechanism of fatigue behavior and 

wear evolution. However, the influence of tooth 

surface micro-topography was not considered, and 

the effect of wear on pitting and micropitting was 

not fully explained in their studies. There is great 

promise for advanced gear design methodology 

once the fatigue-wear coupling mechanism is 

discovered. 

To describe the interaction between wear and 

fatigue damage of the gear tooth and to identify 

failure modes under real tooth surface 

micro-topography, the elastic-plastic finite element 

model of an aviation gear pair was established 
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based on the Archard wear model and the 

damage-coupled material constitutive behavior. 

Variations in wear volume and fatigue damage on 

the near-surface and sub-surface areas around the 

pitch point area are described, and the effect of 

surface roughness on fatigue life and failure mode 

is discussed considering the coupled mechanism 

of wear damage. 

2  Numerical model 

To consider the coexisting phenomena of contact 

fatigue and tooth wear, a finite element model 

incorporating the measured tooth profile surface 

roughness was proposed using the commercial 

software ABAQUS. Figure 2 shows a technical 

diagram of the simulation process. First, the gear 

pair was established considering the measured 

surface roughness and the damage-coupled 

elastic-plastic constitutive behavior. Second, the 

surface micro-topography was updated based on 

the Archard wear model. Then, according to the 

stress and strain response, the damage rate of 

material points was calculated based on the 

BrownMillerMorrow multiaxial fatigue criterion 

and Miner accumulation theory. The fatigue 

damage of material points was accumulated and 

the material mechanical properties were updated 

until the accumulated damage of a certain material 

point reached the threshold value. Much of the 

modeling work was conducted with codes 

incorporating customized algorithms, enabling the 

accurate prediction of complex damage and wear 

processes in gear material points. 

2.1  Damage-coupled constitutive behavior 

Fatigue damage is believed to cause the 

deterioration of the mechanical properties of the 

material. Thus, the original elastic-plastic 

constitutive behavior of a gear material should be 

updated to consider the time-varying damage. The 

damage-coupled elastic-plastic constitutive 

behavior is described with the Lemaitre and 

Chaboche models [22]. 

For the elastic-plastic behavior, the yield 

function f  is defined as 

2 Yf J σ                  (1) 

where Yσ  is the initial yield limit of the gear 

 
Fig. 2  The technical diagram of the simulation process. 
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material determined from the initial radius of the 

yield surface. The symbol 2J  represents the von 

Mises equivalent stress calculated as 
1

2
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3
:
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where   is the back-stress tensor representing 

the center of the yield surface, s  is the deviatoric 

stress tensor, and D  is the fatigue damage scalar. 

The total strain tensor   can be divided into 

elastic and plastic parts as e p    . The stress 

tensor  , which can be calculated from the elastic 

strain tensor eε  and the fatigue damage scalar D , 

is 
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where /f   represents the plastic flow 

direction and   is the plastic multiplier, which 

can be calculated as 

p p3
:

2
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The Prager linear kinematic hardening model 

[42] was adopted to calculate the back-stress as 
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where E  is the initial Young’s modulus. The 

symbol M , representing the linear kinematic 

hardening modulus, can be determined from the 

simple tensile stress-strain curve of the material.  

2.2  Fatigue criterion 

Before analyzing the fatigue behavior of gear 

material points using the calculated stress and 

strain, the response of multi-axial fatigue during 

gear tooth meshing must be established. There are 

many multiaxial fatigue criteria in the literature. 

Among them, the Brown-Miller fatigue criterion 

[13, 43] concludes that the combined action of 

shear and normal strain reduces the fatigue life. 

Therefore, based on combined tension and torsion 

tests, two strain parameters are required to 

describe the fatigue process. Meanwhile, large 

mean stress exists underneath the contact surface. 

The mean stress effect is included using Morrow's 

modified approach by subtracting the mean stress 

m  from the fatigue strength coefficient f  . The 

BrownMillerMorrow fatigue life model [44] 

coupled with fatigue damage is expressed as 

max f m
n

( )
(2 ) (2 )

2 ( )
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f f fS A N B N
E D
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where max  and n  are the maximum shear 

strain amplitude and normal strain amplitude on 

the critical plane, respectively. m  represents the 

mean stress on the critical plane. b  and c  denote 

the fatigue strength exponent and fatigue ductile 

exponent, respectively. f   and f   represent the 

fatigue strength coefficient and fatigue ductile 

coefficient, respectively. The parameter S , as a 

material constant, can be determined through 

classical torsion and push-pull experiments. The 

other two material constants are calculated as 

1.3 0.7A S   and =1.5+0.5B S, respectively. f2N , as 

an intermediate variable, represents the fatigue 

life of each material point according to the gear 

rolling contact.  

According to the selected fatigue criterion, the 

critical plane is the plane with the maximum shear 

strain. Figure 3 demonstrates the definition of the 

critical plane at a material point and the 

distribution of the maximum shear strain of the 

selected gear. The angle   from the vertical 

direction, as the angle of the critical plane, is 

illustrated in Fig. 3.  

Because the critical plane of each material point 

is unknown, the shear strain, normal strain, and 

normal stress must be calculated at each candidate 

plane of every material point of interest in advance. 

In terms of the stress transformation theory [45], 

the normal stress  , normal strain  , and shear 

strain   on each plane with a specified angle can 

be expressed as 
2 2

2 2
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where x , z , and xz  represent the two normal 

stresses and the shear stress, respectively. x , z , 
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and xz  represent the two normal strains and the 

shear strain, respectively.  ,  , and   are the 

normal stress, normal strain, and shear strain on 

the plane with the angle   from the rolling 

direction, respectively. 

On the critical plane, the main parameters of the 

maximum shear strain amplitude max , normal 

strain amplitude n , and mean normal stress m  

can be calculated as 

max min
max

max min
n

max min
m

2

2

2

 


 


 


 


 







            (9) 

where max  and min  represent the maximum and 

minimum shear strain on the critical plane, 

respectively. max  and min  represent the maximum 

normal strain and maximum normal stress on the 

critical plane, respectively. max  and min  are the 

minimum normal strain and minimum normal 

stress on the critical plane, respectively.  

When considering the surface micro-topography 

and its evolution, the stress field near the surface 

constantly changes. It is not accurate to estimate 

the gear fatigue life based on the stress-strain 

results of a single rolling contact cycle. Therefore, 

the BrownMillerMorrow multiaxial fatigue 

criterion and Miner accumulation theory were 

combined to calculate the fatigue life in this study. 

The intermediate variable f2N  of each material 

point can be acquired using Eqs. (7)–(9), and then 

the damage rate of this contact case can be 

calculated.  

According to the Miner accumulation theory 

[46], which is one of the most widely accepted 

fatigue cumulative damage theories, the single 

damage rate is 

f

d 1

d 2

D

N N
                (10) 

Because carburized gears usually endure 71 10 – 
101 10  loading cycles before final failure, this kind 

of fatigue is characterized by a high cycle fatigue 

(HCF) region or even the ultra-high cycle fatigue 

(UHCF) region. Solving the aforementioned damage- 

coupled constitutive equations requires a large 

amount of time and great computing ability for 

each loading cycle. To solve this computational 

cost problem, the “jump-in cycle” method, 

employed by many other scholars [25, 47, 48], was 

applied in this work. This jump-in cycle 

framework allows relatively easy modeling of the 

HCF and UHCF damage evolution. With such a 

simplified and straightforward method, a loading 

block represents a finite number of cycles N  

over which the stress and strain fields are assumed 

to be unchanged. The updated damage variable 

after each loading block is given as 

1 d

d

i
i i
j j

j

D
D D N

N
     

 
          (11) 

The degradation of material mechanical properties 

after each loading block is 
1 1 1(1 ), (1 ), ( ) ( ) (1 )i i i i i i i i i

j j j j j j Y j Y j jE E D M M D D        

           (12) 

where i  represents the current loading block and 

j  indicates the label of the material point. 

Different interval values of N  were selected for 

different loading conditions. For some cases where 

the root mean square (RMS) value of the surface 

roughness Rq  is large, the surface micro- 

topography changes greatly within the very early 

 
Fig. 3  The definition of the critical plane. 
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operating stage, so the chosen N  should be 

small enough to describe the evolution tendency 

of damage. The principle of the “jump-in cycle” 

method is shown in Fig. 4. In this work, the 

threshold value of c 0.95D   was defined to 

indicate material failure.  

2.3  Initial surface roughness and the Archard 

wear model 

Real tooth surface micro-topography was considered 

through direct measurement with an optical 

profilometer. The surface micro-topography of the 

selected gear tooth was measured using a white 

light interferometer assembled on a commercial 

Rtec multifunction tribology tester MFT-5000. This 

profilometer is a precision optical instrument with 

analysis functions for various surface forms and 

roughness parameters. Figure 5 illustrates that the 

measuring length of the surface micro-topography 

was 1.37 mm along the tooth profile direction. The 

RMS value of the initial surface roughness Rq  

was calculated to be 0.216 m, representing a 

typical as-ground surface state. 

To describe the evolution process of surface 

micro-topography during repeated gear contact, 

the Archard wear model [49], which is a simple 

and efficient model describing sliding wear based 

on the theory of asperity contact, was adopted in 

this study. The wear depth h  per loading cycle 

can be expressed as 

d dh N k p s h N k p s                (13) 

where p  represents the contact pressure at each 

time increment, ds  represents the incremental 

slip distance, and k stands for the wear coefficient, 

which relates to the material properties such as the 

hardness.  

The wear simulation methodology is based on 

the Archard wear model implemented with an 

adaptive meshing technique and the subroutine 

UMESHMOTION. The subroutine UMESHMOTION 

provided by the commercial software ABAQUS 

was adopted to extract the contact pressure p , 

increment of slip distance ds , and coordinates of 

the current contact node at the current moment, 

from which the wear depth was calculated 

accordingly. Once the wear depth per loading 

cycle was determined, the coordinates of the 

surface contact node were updated.  

Fig. 4 The principle of the “jump-in cycle” method. 

 
Fig. 5  Measuring of tooth surface roughness. 
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A general programming diagram of this 

numerical work is shown in Fig. 6. According to 

the material parameters from the fatigue study [50] 

and wear study [51] using the same or similar 

steels, the required fatigue parameters and wear 

parameters are listed in Table 1. 

2.4  The finite element contact model 

A pair of aviation gears used in a helicopter was 

selected as the sample. The gear material was AISI 

9310 [52], and its chemical composition is listed in 

Table 2. The geometric parameters and working 

conditions of the gear pair are listed in Table 3. 

The initial Young’s modulus of the gear teeth in 

conjunction is E=210,000 MPa, which decreased 

monotonically as the damage accumulated. Figure 7 

shows that the contact of the gear pair was 

established in ABAQUS. The pitch radii of the two 

gears were 64.135 and 37.465 mm, respectively. 

The friction coefficient was 0.1, which conforms to 

engineering practice. Because the pinion often 

suffers from contact-fatigue induced failure in 

practical applications, attention was paid to its 

wear response and fatigue damage. The surface 

 
Fig. 6  Programming diagram of simulation. 

Table 1  Fatigue and wear parameters of the material. 

Contact fatigue parameters Wear parameter 

f  (MPa) 
f   b  c  S  A  B  k (MPa1) 

2894 0.134 –0.087 –0.58 0.5 1.65 1.75 112.0 10  

Table 2  The chemical composition of AISI 9310. 

C Mn Si Ni Cr Mo Cu P S Al Co 

0.12 0.57 0.27 3.33 1.29 0.11 0.11 0.006 <0.001 0.05 0.011

Table 3  Gear geometry, working conditions of the gear. 

Parameters Values Parameters Values 
Teeth number 1 2/Z Z  101/59 The pressure angle 20° 
Tooth normal module nm  1.27 Tooth width of pinion G (mm) 7.65 

Initial Young’s modulus E (MPa) 52.1 10  The Poisson’s ratio   0.3 
Initial yield limit Y (MPa) 1,300 Hardening modulus M (GPa) 10.5 
Wheel speed 1N (r/min) 77 Nominal output torque 1T (N·mm) 51.2 10  
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micro-topography mentioned above was attached 

to the tooth surface near the pitch point of the 

pinion in ABAQUS. As spur gears, the plane strain 

condition was assumed to reduce the contact into a 

two-dimensional problem and reduce the 

calculation cost. A straightforward 3D extension of 

the proposed model can be readily realized if 

needed in the future. A 0.5 mm square area near 

the pitch point is selected to use the ALE adaptive 

mesh technique to calculate wear. In the contact 

area, a fine mesh grid size of 5 μm 5 μm  was 

enough to provide converged results with 

acceptable computational time. 

3  Results and discussion 

3.1  Evolution of surface micro-topography and 

damage 

First, the general contact pressure distribution and 

von Mises stress near the pitch point for the 

smooth surface case are discussed. Two different 

systems, one considering wear and the other not, 

are examined and compared with each other. 

Figure 8 shows the distribution of contact pressure, 

surface normal displacement (red lines), and von 

Mises stress at three selected stages for the smooth 

surface case under an output torque condition of 

120 N·m. The black lines, including black solid, 

black dashed, and black dotted lines, show the 

distribution of contact pressure at three contact 

moments. Because the operating stage of 7th1.0 10  

cycle (as shown in Fig. 8(a)) represents the first 

loading block, wear has not yet contributed to the 

situation. The Hertzian half contact width under 

this condition was approximately 0.16 mm, while 

the Hertzian maximum contact pressure HP  was 

approximately 1,000 MPa.  

The permanent surface displacement perpendicular 

to the tooth surface results from wear and plastic 

 
Fig. 7  Gear contact model with rough surface. 

 
Fig. 8  Pressure, surface displacement, and stress at smooth surface: (a) 7th1.0 10 cycle, (b) 8th1.9 10 cycle considering 
wear, and (c) 8th1.9 10  cycle without wear. 
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deformation under repeated loading. Compared 

with the result of the first loading block, Fig. 8(b) 

represents the result after 81.9 10  cycles. It shows 

that the maximum contact pressure did not change 

much when wear was considered, but the 

distribution shape of the contact pressure changed 

slightly due to the variation of the tooth profile 

under the permanent normal displacement. 

Compared with the no-wear case (Fig. 8(c)), the 

surface normal displacement became larger when 

tooth wear was considered. The largest amount of 

wear occurred far from the pitch point, which was 

also demonstrated in Ref. [53]. Figure 8(c) shows 

that even though the wear was not considered, a 

non-zero normal displacement occurred because 

of the surface plastic deformation, but the 

magnitude was primarily below 0.2 μm. 

The maximum value of the von Mises stress 

considering wear was approximately 750 MPa, and 

when the wear effect was excluded, it was reduced 

to approximately 640 MPa. Meanwhile, because 

the damage accumulated non-uniformly inside the 

solid, the stress distribution displayed local 

fluctuations inside the solid during the subsequent 

stages of operation. Once the tooth wear was taken 

into consideration, the stress fluctuation became 

more evident. 

The surface normal displacement was further 

studied, particularly focusing on the influence of 

wear. Figure 9 illustrates the surface displacement 

curve for the case with an initial Rq  value of 

0.216 μm . The result of Fig. 9(a) considers wear, 

whereas Fig. 9(b) does not. Surface normal 

displacement is caused by wear and plastic 

deformation along the vertical direction of the 

contact surface. Whether wear was considered or 

not, the peak normal displacement always 

increased as the loading cycle increased. This 

conclusion is confirmed in Ref. [54]. At an early 

operating stage (represented by the black lines), 

the surface displacements with and without wear 

are similar. As the cycle number increased 

to 71.0 10 , there is a clear difference between the 

blue curves in the two sub-figures. The high 

contact pressure at the peaks leads to a large wear 

depth at the peak, similar to the finding in Ref. 

[55]. As the loading cycle increased further, the 

differences between the two results (with and 

without wear) become more significant. The wear 

depth increased for points farther away from the 

pitch point along the line of action. Wear can occur 

not only in surface asperities but also in valleys, 

particularly in areas far away from the pitch point.  

Figure 10 indicates the evolution of the surface 

micro-topography after different loading cycles 

with an initial Rq  of 0.216 μm .  Figure 10(a) 

considers wear while Fig. 10(b) does not. It should 

be noticed that once the general tooth profile was 

considered, the base line of the surface profile is 

not a straight line but a radius of curvature. 

Results show that as the wear proceeded, the 

height difference between the peak and the valley 

declined, and the surface micro-topography 

tended to be flat [55, 56]. This is mainly because 

 
Fig. 9  Comparison of surface displacement with and without wear. 
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the wear depths at roughness peaks are larger than 

those at valleys during the loading cycles.  

The normal strain amplitude n  and the shear 

strain amplitude max  are the two governing 

parameters in the BrownMillerMorrow fatigue 

criterion and should be calculated from the 

time-varying stress-strain response. Figure 11 

displays the two parameters at different operating 

stages for the case of initial surface roughness Rq  

of 0.216 μm. Both the near-surface and subsurface 

areas are of concern. In addition to the large 

amplitudes at the Hertzian contact subsurface area, 

large amplitudes also appear locally near the 

surface due to surface micro-topography. The 

amplitudes of the normal strain n  and shear 

strain max  in the near-surface area fluctuate 

remarkably due to the coexistence of asperities 

and valleys. The amplitudes of the normal strain 

of most material points are less than the shear 

strain amplitudes, as confirmed by the results of 

Ref. [54]. It is readily observed that as the loading 

cycle number increased, the amplitudes of the 

normal strain n  and shear strain max  in the 

subsurface gradually increased. This is a 

consequence of damage accumulation that leads to 

a reduced Young’s modulus and increased strain.  

The damage rate at each loading block is 

determined based on the summation of the 

amplitudes of the shear strain and normal strain. 

Figure 12 shows the relationships between the 

damage rate and the strain amplitude summation 

at different operating stages. According to the 

 
Fig. 10  Comparison of surface micro-topography with and without wear. 

 
Fig. 11  Amplitudes of normal strain and shear strain at different number of cycles. 
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BrownMillerMorrow multiaxial fatigue criterion, 

fitted curves are depicted in this figure when zero 

mean stress was assumed. To distinguish the 

degree of material damage, envelope curves with 

different Young’s modulus were adopted. The 

black, green, orange, and purple curves represent 

the cases where E = 210, 105, 84, and 21 GPa, 

respectively. The dotted black line represents 

Young’s modulus of E = 210 GPa and mean stress of 

1,000 MPa. To further analyze the damage 

performance near the surface and subsurface, 

material points at a depth of 0.1 mm (red scatter) 

and at a depth of 5 μm  (blue scatter) were 

selected to analyze the relationship between the 

summation of strain amplitudes and the damage 

rate under different loading cycles. For 

comparison, Fig. 12(d) depicts the situation 

without wear. 

The results after 52.0 10  cycles (the first 

loading block) are shown in Fig. 12(a). Before this 

first loading block, there was no damage at the 

material points, and Young’s modulus for all 

material points was E = 210 GPa. This sub-figure 

shows that the material point with the maximum 

damage rate occurred at near-surface asperity, 

with a magnitude less than 88.0 10 . The 

summation of strain amplitudes n max     in the 

subsurface lies in the region of 0.003–0.006, and 

the maximum damage rate at this subsurface area 

was less than 83.0 10 .  Due to the role of surface 

micro-topography, the strain amplitude-damage 

rate of near-surface material points displays a 

scatter distribution. 

Figure 12(b) shows the damage rate as the 

number of cycles reached 73.2 .10  The material 

point with the maximum damage rate occurred in 

the subsurface, with magnitudes below 81.0 10 . 

Moreover, the material points at the subsurface are 

 
Fig. 12  Relationships between the damage rate and sum of strain amplitudes. 
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more dispersed than those illustrated in Fig. 12(a), 

which is caused by the varying degree of damage 

degree for different material points. However, the 

scatters are mostly located between the black line 

(E = 210 GPa) and the green line (E = 105 GPa). The 

scatters near the surface were more dispersed, 

which is caused by the reduction of material 

properties and surface micro-topography. 

The damage rate at the loading cycle of 
7th6.2 10  is shown in Fig. 12(c). The damage rates 

of material points near the surface and subsurface 

continued to decrease. The maximum strain 

amplitude of material points in the subsurface was 

less than 0.01, and the maximum damage rate was 

below 80.6 10 . The black line (E = 210 GPa) and 

the orange line (E = 84 GPa) became the new 

envelope for the material points in the subsurface. 

There is a blue point outside the purple curve (E = 

21 GPa). This material point is considered as the 

first one to fail.  

Figure 12(d) shows the damage rate at the 

loading cycle of 7th3.2 10  without considering 

wear. Compared with the results considering wear 

(Fig. 12(b)), the material points near the surface 

were more dispersed and the damage rate in the 

subsurface was slightly lower. A blue scatter 

outside the purple curve (E = 21 GPa) is anticipated 

to be the first failed material point. A comparison 

of the results between Figs. 12(b) and 12(d) reveals 

that wear smooths the original rough surface, 

reducing the strain amplitude of some rough 

peaks and retarding the appearance of pitting.  

In summary, with the increase in the loading 

cycles, the summation of the amplitudes of the 

normal strain and shear strain n max     of the 

damaged material point increased gradually, and 

the growth degree depended on the degree of 

damage at this material point. But the damage rate 

decreased gradually, which is consistent with the 

fitted curves based on the BrownMillerMorrow 

multiaxial fatigue criterion. 

Figure 13 displays the damage distribution at 

different stages by setting the low threshold 

damage to 0.1 so that material points with 

negligibly small damage are not visible. As shown 

in the figure, the distribution pattern of the 

accumulated damage changes at different stages. 

At the loading cycle of 61.0 10 , the maximum 

damage appears near the surface and its 

magnitude reaches 0.392, while the damage at 

subsurface is below 0.1. It is readily observed that 

as the loading cycle number increased, the number 

of material points with damage above 0.1 

gradually increased. At the loading cycle of 
76.2 10 , the maximum damage reached 0.95 in the 

near-surface area, indicating the first failed 

material point. Meanwhile, the maximum damage 

at the subsurface area was only approximately 0.5, 

indicating a longer fatigue life compared with 

near-surface points. Thus, it is concluded that 

 
Fig. 13  Distribution of the accumulated damage in different cycles. 
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under the case with Rq  of 0.216 μm , surface-  

initiated fatigue failure will occur. It is worth 

noting that the failure type (whether surface- 

initiated or subsurface-initiated failure) depends 

on the level of surface roughness. For this purpose, 

the influence of the root mean square value of 

surface roughness Rq  on the damage accumulation 

and failure type is discussed in the following 

section.  

3.2  Effect of the RMS value of surface 

roughness 

The effects of surface roughness on the coupled 

evolution of damage and wear are a primary 

concern in this work. The evolution for a specific 

case with Rq  of 0.216 μm  is first discussed, as 

shown in Fig. 14. The smooth surface result is also 

depicted in Fig. 14(d) for comparison. Figures 14(a) 

and 14(b) represent the near-surface and subsurface 

areas, respectively. The material points at depths 

of 5 and 100 μm  were selected to represent near-  

surface and subsurface results, respectively. For 

near-surface asperity material points (indicated as 

Points A and B for instance), the damage accumulated 

rapidly in the early stage and slowed down as the 

damage accumulated to a considerable amount. 

With respect to the subsurface area, as shown in 

Fig. 14(b), the damage accumulated more smoothly 

compared with the near-surface damage. The 

damage accumulation of subsurface material points 

grew faster at low cycle numbers. The damage 

accumulation gradually slowed down as the 

loading cycles continued, as shown in Fig. 14(c), 

while maintaining a considerable accumulation 

rate. The tendency of damage accumulation in the 

subsurface was consistent with that reported in 

Ref. [57]. 

For comparison, the process of damage 

accumulation for the smooth surface case is 

illustrated in Fig. 14(c). It can be observed that for 

subsurface material points, the damage accumulated 

smoothly as the loading cycles increased. In the 

very late stage, one of the most dangerous 

subsurface points, indicated as Point E, rapidly 

accumulated damage from 0.6 up to the failure 

threshold value. This damage acceleration 

 
Fig. 14  Evolution of damage with RMS of 0.216 μm . 
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phenomenon has also been observed in many 

other studies applying the continuous damage 

theory [58–60]. For the rough surface case, the 

maximum damage at the subsurface area was 

limited to approximately 0.5, as the first near-surface 

point failed, indicating the surface-initiated failure 

mode. 

The damage distribution with different surface 

roughness conditions is shown in Fig. 15. For 

comparison, cases without wear effect are provided 

in the lower line. The first failed point occurred in 

the subsurface Rq  below 0.2 μm , while it occurred 

near the surface when Rq  exceeded 0.2 μm .  

Compared with the cases without the wear effect, 

the contact fatigue life was slightly higher when 

the wear effect was considered, regardless of the 

surface roughness. One explanation is that wear 

alleviates the asperity heights and changes the 

tooth profile, leading to a reduction in stress 

concentration and improvement in fatigue life. 

Figure 16 statistically shows the fatigue life and 

failure mode under various surface roughness 

conditions. It shows that the contact fatigue life 

decreased as the surface roughness rose, particularly 

when a critical level of roughness was exceeded. 

When the surface roughness Rq  was less than 

0.2 μm , the gear contact fatigue life was very high, 

and the failure occurred in the subsurface area. 

Townsend et al. [61, 62] conducted many fatigue 

experiments on the AISI 9310 gear under the 

surface condition with surface roughness less than 

0.2 μm. The results showed that the failure mode 

of most specimens was pitting and the probability 

of the fatigue life exceeding 81 10  cycles was 

greater than 80%. Under the given condition, 

when the surface roughness Rq  exceeded 0.2 μm , 

the failure tended to occur near the surface, 

indicating a surface-initiated failure. As the 

surface roughness increased, a similar transition 

from sub-surface initiated failure to surface-   

initiated failure was also observed in Ref. [63]. 

Currently, the fine level of surface finishing with 

Rq  below 0.2 μm  can be achieved using a 

 
Fig. 15  Effect of surface roughness on damage with and without wear.  

Fig. 16  Contact fatigue life under different surface 
roughness Rq. 
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superfinishing technique, which will significantly 

benefit the contact fatigue performance. 

Nevertheless, the role of tooth surface roughness 

requires further investigation, particularly in the 

case with lubrication. 

4  Conclusions 

To solve the complicated coupling effect of fatigue 

damage and tooth wear during high-cycle gear 

meshing, a finite element contact model pair that 

considered surface roughness, wear evolution, 

damage accumulation, and modulus deterioration 

was developed for an aviation gear. The numerical 

findings were compared with existing literature 

results. The conclusions can be summarized as 

follows: 

1) Once tooth wear was considered, the 

minimum surface normal displacement of the 

tooth profile appeared near the pitch point due to 

the nearly pure rolling condition at that point. The 

wear depth increased for points farther away from 

the pitch point along the tooth profile. 

2) Damage to near-surface material points at 

some asperities accumulated rapidly in the early 

stage. As the wear proceeded, their damage 

accumulation slowed. The damage to the sub-surface 

material points accumulated smoothly as the 

number of loading cycles increased.  

3) Sub-surface material points will quickly fail if 

the accumulated damage exceeds 0.6 and the 

material point is still in the stress concentration 

region. 

4) Under the given condition, subsurface- 

initiated contact fatigue failure occurs when the 

surface roughness Rq is below a critical level, 

while surface-initiated failure appears as the 

surface roughness exceeds this value. 
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