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Abstract: Gear and bearing failures are most often caused by rolling contact fatigue (RCF). 

Understanding the growth of a main surface-initiated crack into the depth of the piece, as well 

as the growth of subsurface-initiated branches towards the surface is necessary, in order to 

improve fatigue life prediction and reduce fatigue damage repair or component replacements 

before catastrophic failure. The purpose of this work is to analyze, based on 3D finite element 

simulations, the initiation and mode I growth of secondary branches in a case hardened gear, 

their influence on the main crack growth in mode II, and the competition between mode I and 

mode II crack growth. The residual stress field issued by the case hardening is taken into 

account and its role is analyzed. The reasons why branch cracks develop only from the upper 

main crack face and why only those initiated when the main crack is still shallow can reach the 

surface, inducing spalling are explained.  

Keywords: Rolling contact fatigue, Branch crack, Spalling, Compression, Fatigue crack, 

Residual stress, Crack path 

 



Introduction 

Subsurface crack growth in rolling contact fatigue (RCF) is a common phenomenon in gears, 

bearing and rails [1-4]. These cracks can initiate from surface-originated pitting [5-7], or 

subsurface-initiated spalling [8]. A better understanding of the fatigue process is necessary to 

improve fatigue life prediction, and reduce fatigue damage to repair, or to replace components 

before a catastrophic failure.  

One of the difficulties encountered in that task comes from the case hardening, often applied 

on these components, inducing a gradient in microstructure and mechanical properties, as well 

as residual stresses. 

In RCF, according to Rycerz and al. [9], the crack path has many points where the propagation 

direction changes locally, forming nearly 90° zig-zags. Such "steps" are often associated with 

mode II loading. Suresh [10] points out that this type of morphology significantly reduces the 

effective driving force for shear propagation, due to interlocking and friction between the 

asperities. 

Many authors working on RCF in bearings, [9, 11, 12] but also in rails [11, 13] noted the 

presence, along the flanks of the main crack growing in mode II, of many secondary cracks 

initially inclined by 75° to 80° relative to the main crack growth direction (Figure 1a), that grow 

towards the surface, inducing spalling of the contact surface, characterized by the release of 

fragment of the material (metal particles) in the lubricated environment. In case-hardened gears, 

these secondary branches develop from 0 to 0.3 mm depth, only from the upper flank of the 

main crack (Figure 1b), while in laboratory tests on cracked samples loaded in reversed mode 

II with a static uniaxial [14, 15], or biaxial [16] compression superimposed, such secondary 

cracks are distributed equally on both crack lips.  

Figure 1a also shows that in the illustrated case, the branches initiated when the main crack was 

less than 0.35 mm deep reached the surface, inducing spalls, while those initiated later, (labelled 



1 to 20 on figure 1a) did not reach the surface.  

 

Figure 1 : (a) Propagation of secondary branches along the main crack upper lip in an helicopter gear subjected 

to rolling contact fatigue (observations made by Airbus Helicopters), (b) Typical subsurface propagation of a 

crack in a case-hardened helicopter gear submitted to RCF 

Once initiated, these branches are mainly loaded in cyclic mode I at R = -1 [17, 18], with a ΔKI 

that increases with ΔKII at the tip of the main crack, and decreases with their distance from this 

tip. This may allow them to grow, reach the surface, and generate spalls, or, if the main crack 

propagates fast enough, reducing ΔKI at the branch crack tip, to stop growing, if ΔKI drops 

below the threshold. To monitor the damage of the parts in the gear boxes, magnetic plugs 

collect the particles generated by spalling, until a certain accumulation indicates the need to 

change the bearings. However, the reliability of this monitoring depends on the ability of the 

branches to reach the surface.  

The influence of such branches on a crack loaded in shear mode has been analyzed [16-18]. 

Doquet and Frelat [18] highlighted the shielding effect exerted by the branches, which reduces 



the driving force of the main crack. This effect was shown to increase with the number of 

branches [16]. Thus, once these branches initiate, a competition is observed between the main 

crack -loaded in mode II- and the branches -loaded in mode I [16, 18]. The issue of this 

competition in an helicopter gear (spalling or not, which is of primary importance for the 

reliability of damage monitoring by debris collection in the lubricant) depends on the 

compressive stress field induced by rolling contact loading plus the residual stress field left by 

case hardening. Zaid and al. [16] analyzed numerically in 2D for a center crack in a large plate, 

the influence of a static compressive stress Tx parallel to the main crack, or a static compressive 

stress Ty normal to the main crack, or the combination of both these stresses on the competition 

between a main crack loaded in reversed mode II and a quasi-normal branch located some 

distance behind its tip, loaded in mode I. They noted that an increase of the compressive Tx 

stress reduces ∆KI of the branch, and thus its shielding effect on the main crack, so that ∆KII,eff 

of the main crack slightly increases. They concluded that a negative Tx stress inhibits secondary 

branch crack growth, and promotes mode II propagation, as experimentally observed by Otsuka 

and al. [15] and Nishizawa and Ogawa [19]. Normal compression Ty was found to 

reduces ∆KII,eff, but even more ∆KI for the branch crack, also favoring mode II propagation of 

the main crack.  

The fatigue damage of a case-hardened gear and the ability to detect this damage are controlled 

by the competition between a main crack and secondary branches. It is thus of prime importance 

to analyze it in a more realistic way. 

The purpose of this paper is thus to analyze the initiation and growth of secondary branches in 

an industrial component, and their influence on the main crack (figure 1b). To this end, a 3D 

finite element model taking into account the residual stress field, induced by case hardening, 

was developed, and the stress intensity factors (SIFs) for the main crack and branches were 



computed. The link between spalling and subsurface crack was highlighted through the study 

of secondary branches. The end of the spalling phenomenon beyond a certain main crack depth 

is explained by the arrest of secondary branches. 

NUMERICAL MODEL 

In the context of a case-hardened gear, the propagation of a crack occurs within a complex 

environment influenced by various phenomena. These include residual stresses, variations in 

mechanical properties, Hertzian loading, and structural effects. Attempting to capture all these 

aspects accurately can pose a challenge for 2D numerical or simplified analytical models. 

Therefore, to ensure a comprehensive representation of the gear in service, a 3D finite element 

model has been developed. This approach enables the consideration of all relevant factors, and 

provides a more realistic understanding of crack propagation within the gear component. 

• Mesh conditions 

The 3D FE model is meshed with linear tetrahedral elements. The half-length and half-width 

of the contact area depend on the contact force applied by the rolling element. This necessitates 

a substantial mesh refinement in the vicinity of the rolling track to accurately define the Hertzian 

contact ellipse. To achieve this, a mesh size of 0.1 mm is employed. Additionally, a further 

mesh refinement constraint is implemented within a specific volume of interest, particularly 

where the crack is inserted. This refinement is crucial to obtain precise estimations of Stress 

Intensity Factors (SIFs), particularly when contact conditions are present. 

• Material behavior: Constitutive equations 

A fully elastic behavior of the steel gear and bearings was considered. Tensile tests on two 

steels representative of the case hardened layer and the core material in terms of carbon content 

did not reveal any significant effect of case hardening on the elastic properties. 



• Boundary conditions 

The contact loads imposed by the bearings on the track were defined by functions based on 

Hertz pressures [20] corresponding to the local resultants of the forces imposed on each contact 

zone. Because rolling elements are not modeled, no friction is considered on the roller track. 

To validate this procedure, the computed stress state was compared at various depths (0.2 mm 

and 1.0 mm) with that predicted by the Hertz theory. A good agreement was observed (error 

less than 5%). 

• Residual stress modelling 

Case hardening (or nitriding) is applied on the gear to increase the hardness of its outer surface, 

and to induce biaxial compressive residual stresses that enhance its resistance to RCF. 

Depouhon and al. [21-24] proposed a multi-scale and multi-physical model of the nitriding 

process, based on the finite element method and an inverse method applied on measured 

residual stress profiles to introduce realistic residual stress field into a 3D finite element model.  

Considering a linear elastic behavior, the total strain (noted ε) is the sum of an elastic 

accommodation strain (noted εe), and an apparent volumetric eigenstrain (noted εF) reflecting 

all effects related to case-hardening (volume expansion, diffusion, precipitates) [24].  

The present approach considers that the only consequence of case-hardening is the resulting 

apparent volumic eigenstrains εF. The elastic strain field εe is then generated to ensure the 

compatibility of the total strain ε, (Eq. (1)) [24]. Finally, residual stresses are deduced from 

Hooke’s law. 

{
Kinematic compatibility:

ε = εe + εf

εf = εfI
  

{
Equation of equilibrium:

div(σ) = 0
(1) 



{
Consitutive law:

σ = Kεe
 

Because the eigenstrain εF is volumetric, numerical analogy with thermal diffusion problem was 

proposed. Consequently, to reproduce the residual stress profiles measured by X-ray diffraction 

on the gear, a thermal calculation first yields an equivalent temperature field, and the associated 

strains are deduced, using an equivalent thermal expansion coefficient. 

Subsequently, using the elastic properties of the steel, which constitutes the gear, the residual 

stresses are prescribed and demonstrate a remarkable agreement with the experimental 

measurements. An initialization of the mechanical model is implemented, before the first 

loading increment, to introduce this residual stress field rough the equivalent thermal simulation. 

• Cracks insertion and SIF estimation 

Finally, a crack representative of those observed in the part, was inserted in this model (Figure 

2) using the adaptive meshing features available in the Z-Cracks software [25]. The crack was 

20 mm long, 18 mm width, and inclined by 7° with respect to the contact surface. The straight 

crack front was thus positioned at a depth of 1.5 mm, which corresponds to the transition 

between the case-hardened layer and base material. The stress intensity factors were computed 

at the center-point of the crack front, using the G-θ method [26] in a discrete approach, as 

detailed by Vattré and Chiaruttini [27], assuming a frictionless contact between crack lips. 

 



 

Figure 2 : Crack shape and position in the 3D FE model (Point A: center of the crack front) 

RESULTS AND DISCUSSION 

• Influence of the residual stress field 

A 3D FE computation was performed, using the previously presented model, considering only 

the carburization-induced residual stress field. The residual stress field induces a static KII at 

the center of the crack front. Furthermore, Figure 3(a) shows that the crack in the case-hardened 

layer redistributes locally the residual stress.  

Far from the crack (section line B), the stress state below the surface is biaxial compression 

until approximately 1.5mm in depth (figure 3(c)). However, just behind the crack front (section 

line A, figure 3(b)), due to the expansion imposed by the thermochemical process, a stress 

redistribution and a stress discontinuity between the crack flanks are observed: the upper flank 

is under tension, promoting the initiation of the secondary branches, while the lower flank is 



under compression, inhibiting the initiation the microcracks. 

 

Figure 3 : (a)  component of the residual stress field in the case-hardened layer with a crack, and evolution of 

the residual stress (b) close to the crack front (section line A), and (c) away from the crack front (section line B)  

To highlight the influence of the residual stresses, figure 4 illustrates the opening or closure of 

a branch, normal to the main crack face, and positioned 0.1 mm behind the main crack front, 

on its upper (Figure 4(a)), or lower (Figure 4(b)) flank, when only the residual stresses are 

considered, and not the hertzian pressure due to RCF. The residual stresses tend to open the 

upper branch and to oppose the opening of the lower branch. 



 

 Figure 4 : Deformation of a branch initiated from a) the upper crack face or b) the lower crack face in the sliced 

3D FE model subjected to the residual stress field only (deformation amplification x20). 

• Loading cycle of a crack in RCF  

Figure 5 shows the evolution of the SIFs at the center of the main crack front (point A, Figure 

3) during one passage of the bearing, plotted versus the projected distance on the surface 

between the considered point and the moving load. During hertzian loading, KI decreases. As a 

result of an imprecise solution of the contact condition, fictitious negative KI values are 

observed. This occurrence arises due to nodal interpenetration caused by the extremely high 

compressive normal stress in the vicinity of the singularity region. An asymmetric shear mode 

loading (RII = -4.5) is observed, due to the static KII imposed by the residual stresses, as 

mentioned above. At the center point A of the crack front, KIII is negligible. Figure 6 highlights 

the non-proportional mixed-mode loading of the crack in RCF, dominated by mode II, as 



observed in the literature [1, 28, 29]. 

The computed ΔKII is nearly ten times higher than ΔKI, at least for frictionless contact. Even 

though crack face friction, enhanced by normal compression, should substantially reduce the 

effective ΔKII, crack propagation in the case-hardened layer is probably driven by asymmetric 

cyclic mode II with a superimposed cyclic triaxial compression. 

 

Figure 5 : KI, KII and KIII evolution during a RCF cycle with the residual stresses taken into account 

 

Figure 6 : KI vs KII evolution during a RCF cycle with the residual stresses taken into account 



• Estimation of the branch orientation from the tip of the main crack 

To determine the orientation of potential branches, the angular evolution of the FICs for a 

branch at the main crack tip must be considered. Amestoy and Leblond [30, 31] proposed an 

expression of the stress intensity factors kI
*, kII

*, kIII* at the tip of an infinitesimal branch 

inclined by an angle , as a linear combination of the stress intensity factors KI, KII, KIII at the 

main crack tip, before branching: 

(

kI
∗

kII
∗

kIII
∗
) = [

FI,I(θ) FI,II(θ) 0

FII,I(θ) FII,II(θ) 0

0 0 FIII,III(θ)

] (
KI

KII

KIII

) (2) 

Where the components FI,I(), FII,II(), FIII,III(), FI,II() et FII,I() depend on the bifurcation 

angle θ and have been tabulated by Amestoy and Leblond [30] in 2D, and by Leblond [32] in 

3D. 

Several calculations with the 3D FE model were performed considering the contact loads, for 

different main crack lengths, Lmain: 3 mm, 7 mm, 14 mm and 20 mm, corresponding to various 

crack front depths (hmain) inside the case-hardened layer, assuming a frictionless contact along 

the main crack flanks. A rolling contact cycle was simulated, and the min and max values of 

kI
*(θ) and kII

*(θ) were calculated from the min and max values of KI and KII, using equation 2. 

The amplitudes kI
*(θ) and kII

*(θ) and the R ratio of the potential branch, RI
∗(θ) =

kI,min
∗(𝜃)

kI,max
∗(𝜃)

 

were deduced.  

Figure 7 compares the angular evolution of kI
*(θ) and kII

*(θ) around the crack front with, 

and without, the consideration of residual stresses. The peaks values of kI
*(θ) are found at 

±76°, in good agreement with the initiation angle of the secondary branches observed in the 

part, which are around 75-80° (figure 1a).  



However, for each main crack length studied, the residual stresses induce an asymmetry of the 

angular distribution of kI
*(θ), favoring branching at  = 76°, that is: bifurcation towards the 

rolling surface (likely to induce spalling, if the branch reaches the surface), rather than 

bifurcation at -76°, towards the depth. The deeper the main crack grows through the case-

hardened layer, the stronger the asymmetry of kI
*(θ). This increase in kI

*(θ) can be explained 

by the static negative KII generated at the main crack front by the residual stresses. 

Lmain 

& 

hmain 

Without residual stresses With residual stresses 
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mm 

0.37 

mm 

 

 

∆KI

∆KI,th
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∆KI
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Figure 7 : Evolution of kI
* (θ) and kII

* (θ) for different main crack lengths during a RCF loading cycle. 𝜎𝑟𝑒𝑠 is 



the residual stress normal to the branch crack, at its tip 

Table 1 summarizes the evolution of RI
∗ computed for the angular maxima of kI

* of the 

branches growing towards the surface ( = 76°) or towards the depth ( = -76°). 

The RI
* ratio of the branches pointing towards the surface is increased by the residual stresses, 

making their propagation faster, while the RI
* ratio of the branches pointing towards the depth 

is sharply reduced.  

The thresholds for mode I fatigue crack growth in the steel, which constitutes the gear, and in 

a steel with a higher carbon content, representative of the case hardened layer were determined 

for various R ratios. The results are not reported here for confidentiality reasons. However, the 

comparison of kI
*(θ) with the measured thresholds suggests that in the presence of residual 

stresses, the branches pointing towards the depth should not be able to propagate, as 

∆kI
∗(−76°) ≤ ∆KI,th.  

 By contrast, the computed values of kI
*(76°) are much higher than the threshold, so that the 

branches pointing towards the surface might be able to propagate, once initiated. The purpose 

of the next paragraph is to determine whether or not they can reach the surface, depending on 

the depth of their initiation site. 

Table 1 : Influence of the residual stresses on the R ratio of a branch for various main crack lengths 

 

Branch pointing towards the surface 

RI
*(+76°) 

Branch pointing towards the depth 

RI
* (-76°) 

Lmain (mm) Without res With res Without res With res 

3 - 0.7 - 0.3 - 1.2 - 2.4 



7 - 0.7 - 0.2 - 1.5 - 4.3 

14 - 0.6 - 0.1 - 1.8 - 11.6 

20 - 0.6 - 0.06 - 1.8 - 17.7 

 

• Further propagation of branches pointing towards the surface.  

Once initiated, the branches pointing towards the surface can either propagate until they form 

spalls on the bearing race, or stop growing before reaching the surface, depending on the 

evolution of their loading.  

The previous paragraph considered only the initiation of an incipient, infinitesimal branch crack 

from the main crack front. A branch crack with a finite length, s, inclined by 80° relative to the 

main crack growth direction, and positioned at a distance b behind its front was inserted in the 

3D FE model (figure 8). In fatigue, the initiation of a branch does not necessarily stop the 

growth of the main crack in mode II, so that a branch, initiated from the tip can be left behind 

due to the main crack growth [18]. Such a branch, mostly loaded in mode I however has a 

shielding effect on the main crack, as illustrated below, by the computations of KI for the 

branch and KII for the main crack. 



 

Figure 8 : Calculation configuration with a secondary branch inserted on the upper flank of the main crack in the 

3D FE model 

Two parametric studies were performed, considering both the contact loads, and the residual 

stresses, and assuming a frictionless contact between the lips of the main crack and of the branch.  

- Study 1: the main crack length Lmain was varied from 3 mm to 14 mm, while keeping 

the branch parameters constant: b = 0.1 mm and s = 0.1 mm. 

- Study 2: the main crack length was fixed, at Lmain = 7 mm, 10 mm or 14 mm, as well as 

the secondary branch distance to its front, b = 0.1mm, while the branch crack length 

was varied.  

• Study 1: Influence of the branch initiation site depth in the case-hardened layer 

Figure 9 shows the evolutions with the depth of the main crack front, of KI at the branch crack 



tip and KII at the center of the main crack front, with or without the presence of the branch.  

ΔKI at the branch crack tip is 5.7 times KI,th when the main front is 0.37 mm below the surface, 

and 4.1 times KI,th for a depth of 1.23 mm (figure 9). So, a 100 µm-long branch crack, initiated 

from a main crack in this depth range should grow further. Figure 9 also shows that the longer 

the main crack, the smaller KI at the branch crack tip, and the more difficult it becomes for 

this branch to reach the surface.  

 

Figure 9 : Evolutions of the normalized KI at a stationary branch crack tip, and normalized KII at the main 

(propagating) crack tip, with or without the presence of a 0.1mm-long branch crack, inclined by 80° at 0.1mm 

from the tip, on the upper flank. 

As expected, KII decreases when the crack front moves away from the contact surface. A 

significant shielding effect, -that is: a 30-35% reduction of the main crack driving force due to 



the presence of the 100 µm-long branch crack- is observed. It will be shown below that the 

shielding effect increases with the branch crack length. 

• Study 2: Evolution of the branch crack growth rate 

The purpose of this part is to explain why the branches seem, as suggested by figure 1a, to stop 

propagating at a certain depth below the raceway, thus limiting surface spalling. 

The evolution of KI with the length s of a branch, initiated from a main crack with fixed length, 

Lmain, will be studied. 

Figure 10(a) shows the evolution of KI as a function of the depth at which the branch front is 

located for the three lengths Lmain studied. For Lmain = 7 mm (
∆KII

∆KI,th
= 3.3), initially, the branch 

crack tip is located at a depth of 0.54 mm in the case-hardened layer, KI is equal to 5.5 times 

KI,th, but decreases slightly as the branch crack propagates, although still remaining well above 

KI,th. 

For Lmain = 10 mm (
∆KII

∆KI,th
= 2.6) , the front of the branch crack is initially 0.97 mm deep, and 

KI is 4.8 times KI,th. ΔKI remains constant until the branch crack tip reaches 0.57 mm below 

the raceway, at which point KI begins to decrease. This branch crack stops growing before 

reaching the surface. The same observation is made for Lmain = 14 mm (
∆KII

∆KI,th
= 2.1).  

Thus, from an initiation depth between 0.54 mm and 0.97 mm, the branch cracks have no longer 

the capacity to generate surface spalling at a given nominal threshold depth. Moreover, the 

calculations were performed with a frictionless sliding contact, and assuming the main crack to 

be stationary. Taking into account crack face friction and the propagation of the main crack 

would further decrease KI at the branch crack tip, leading to an even earlier arrest at a threshold 



depth closer to the value of 0.35 mm depth observed in figure 1. Figure 10(b) shows that, 

considering the residual stresses or not, the branch crack should stop propagating within the 

carburized layer, for Lmain = 14 mm, while it would be able to continue to grow towards the 

surface, for Lmain = 7 mm. 

 

Figure 10 : (a) KI evolution for branches pointing towards the surface, as a function of the depth of their front 

in the case-hardened layer, and (b) Influence of residual stresses on branch arrest (Lmain = 7 mm and Lmain = 14 

mm) 

Figure 11 illustrates, for Lmain = 7, 10 and 14 mm, the evolution of the branch-crack-induced 

reduction of ΔKII at the center of the (stationary) main crack front, as the branch crack 

propagates towards the surface. The normalized KII is plotted as a function of the ratio s/b 

(with s, the branch crack length, and b, the (fixed) distance of its initiation point from the main 

crack tip, see Figure 8(b)). In each case, the shielding effect increases significantly with the 

branch crack length, but tends to saturate, whatever Lmain, when the s/b ratio (initially equal to 

1) reaches approximately 2.  



 

Figure 11: Evolution of the normalized KII at the (stationary) main crack tip, as the branch crack (of length s, 

initiated at a distance b from the main crack tip) grows. The dotted lines represent, for each main crack length 

considered, the normalized ΔKII without any branch. The difference between symbols and dotter line is whether, 

or not, branch crack is considered. 

CONCLUSIONS AND FURTHER COMMENTS 

A 3D numerical study of the initiation and growth of secondary branches in the case-hardened 

layer of a helicopter gear was performed, to explain some experimental observations. It showed 

that: 

• Case-hardening-induced residual stresses generate : 

o A tensile stress field on the upper side of the main crack, favoring the initiation 

of branches; 

o A compressive field on the lower side of the main crack, preventing potential 



branches from initiating. 

• The observed branch initiation angle of about 75° - 80° corresponds to the direction 

where kI
* is maximum. 

• In the presence of residual stresses, the RI
* ratio of the branches remains above -0.3 for 

the surface-pointing branches, while it is below -2.4 for the inward-pointing branches, 

making the propagation of the latter more difficult. 

• The surface-pointing branches have a significant shielding effect: 30-35% reduction in 

ΔKII,nom at the main crack tip, when the ratio s/b is equal to 1 (where b stands for the 

distance between the branch crack initiation point and the main crack tip). This shielding 

effect rises the branch crack length, s, but tends to saturate, when s/b2. 

• While the branches initiated when the main crack is still shallow can easily reach the 

surface, and generate surface spalling, this is no more the case for branches initiated 

when the main crack is deeper. 

From a broader damage detection point of view, this study highlights 2 main stages in the 

damage evolution: 

• The first stage corresponds to a direct correlation between the growth rate of a main 

crack towards the depth of the piece, and the growth towards the contact surface of 

subsurface-initiated branch cracks, whose emergence is responsible for the release of 

metal particles. It occurs in the early stage of the main crack propagation, at a shallow 

depth (in this study, less than 0.54 mm). The computations have shown that it is very 

improbable that surface-initiated cracks in RCF never release any metal particle. 

• On the contrary, the second stage corresponds to a decoupling between the main crack 

growth, in mode II, beyond a certain depth (0.54 mm in this study) and surface spalling. 

In this stage, if spalling continues, it cannot be due anymore to the continued inwards 



growth of the same “main crack”, but must rather be triggered by the initiation of new 

such cracks from the contact surface, which is already damaged by spalling.  
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