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Introduction

Downsizing, higher efficiency and design optimization of aeronautical gears and rolling element bearings (REB) induce higher loading of mechanical contacts, thus higher risk of surface and/subsurface initiated rolling contact fatigue (RCF) and irreversible surface damage. These damages are largely studied [START_REF] Olver | The Mechanism of Rolling Contact Fatigue: An Update[END_REF][2][3][4] and can be of different types. Among them surface micropitting or wear, and surface-initiated or subsurface initiated spalling. For a given metallurgy, these failure mechanisms are mainly affected by lubrication aspects (film thickness, type of base oil, additive packages, ageing, etc.) [5,6], the sliding speed and the induced contact stresses [7]. The present work focuses on the influence of contact stresses on the initiation of damage.

In order to understand and better predict RCF failures, numerical models were developed. Previous studies, like the ones of Lundberg and Palmgren [8] or Ioannides and Harris [9] for REB, paved the way for current numerical RCF investigations. Mechanical contact stresses being multiaxial, multiaxial fatigue criterion such as the Dang Van one [10] are well suited for RCF modelling, as shown in many studies [11][12][13][14][15][16][17][18]. However, these studies mainly focus on conventional through hardened bearing steels.

Gears and REB manufacturers use case hardening to increase the RCF resistance of their components with complex processes such as gaseous nitriding. This thermochemical treatment enhance the surface properties of case hardened steels by increasing hardness and introducing compressive residual stresses [19]. It creates a continuous gradient of properties between the bulk and the surface. Studies of 32CrMoV13 nitrided steels subjected to RCF were led by Tonicello [20] or Weil [21] who used the Dang Van criterion. Le [22] experimentally investigated RCF initiated cracks and their propagation.

Most of these studies focus on the effect of the Hertzian contact pressure which mainly concerns sub-surface initiated damage due to the depth of the related stresses [23]. Surface
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features of the contacting bodies (roughness, dents…) comparatively influences more surface initiated damage. Coulon [24], Labiau [25] or Morales [26] propose semi-analytical ways to evaluate stress concentration due to surface features for dry or EHL contacts. These stress risers are located close to the surface and often exceed subsurface stresses, leading to surface initiated damage.

The present study focuses on the location of RCF crack initiation for deep gas-nitrided 32CrMoV13 steel for mechanical components depending on contact conditions. At first, a finite element (FE) model for dented rolling contact is built. Then crack initiation location is identified using Dang Van and Tresca shear stress criteria. An analysis of material properties due to the gas-nitriding process is led where materials parameters are based on empirical measurements. Finally, experimental data and numerical results are compared.

RCF Modelling

A FE model similar to the Noyel's one [27] is developed for this study. It consists of a 2D mesoscopic modelling of grains in an infinite body (Figure 1) with the plane strain hypothesis. The dimension of the infinite body are linked to the contact semi-length a. As studied by Noyel [28], a body 50 times wider than a, the contact semi-length, which is similar to an infinite body. At the edge of the body, perpendicular displacements are prescribe to 0. The simulation are performed in quasi-static with quadratics elements. Therefore, the stress tensor only has five components. The grains are considered as isotropic. Simulations are made for a dry contact, in order to analyse the most severe case for damage and to optimize computational times [29]. To apply a contact stress on grains, a Hertzian contact pressure is moving on the top surface. The classical Hertzian pressure [30], shown in Figure 2, is representative for two perfect smooth contacting bodies. In the present study, only a 2D pressure field is considered, which is representative of linear contacts [23]. However, real surface geometry affects the contact pressure distribution. Manufacturing defects or dents caused by particle contamination are strongly affecting the classical Hertzian pressure by inducing stress concentrations. This paper focuses on debris dents observed in both gears and REBs. Figure 3 shows a measured surface of a dented REB inner ring. Dents are commonly more severe than the surrounding surface roughness due to their shoulder amplitudes. To simplify the model, an analytical formula ( 1) is used to keep only the dent shape and filter out small wave-length roughnesses [24,29]. In the formula, dth is the depth of the dent, Rx the curvature radius in direction, ϕ the diameter of the dent and K a numerical factor for the height of the dent shoulders. The methodology developed in [24,29] is used to calculate contact stress induced by dent shoulders. The resulting contact stress is composed of the classic Hertzian contact pressure
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and an overpressure due to dent, as show in Figure 4. The overpressure value depends on dimensionless parameters relative to the dent dimensions and some contact parameters. This overpressure will create surface located over-stresses [31]. Contact parameters leading to Figure 4 pressure field are given in Table 1. They correspond to the experiments presented in paragraph 3. Figure 5 shows the Tresca shear stress (2) for a classic Hertzian contact and a dented one.

τ "# $% = |σ ' -σ ''' | 2 (2)
Where σ I and σ III are the maximum and the minimum principal stresses of the stress tensor.

Both simulations use the same contact parameters (Table 1), the only difference being the presence of a dent in the second one. The stresses are due to the pressure distributions shown in Figure 4. Since this study focuses on rolling contact, the applied load in the simulation goes from left to right as shown in Figure 6. Twin-disc experiments are often used to simulate RCF of two contacting bodies [32,33]. Crack propagation in nitrided steel was studied using a twin-disc test rig by Le [22], Tests were performed in two steps (initiation and propagation ) under the contact conditions given in Table 1. During the initiation step, a dented crowned disc was used to initiate surface cracks on the flat counter-disc. Then, during propagation step, a new crowned smooth disc replaced the dented one. Figure 7 shows a comparison between Tresca shear stresses and a metallographic observation of the cracks after Nital etching from [34]. The black dotted lines locate the depth of the dent-induced over-stresses, while the white one corresponds to the start of the dark etching area (DEA). Surface overstresses due to dent relate to the crack but not to the DEA, which is induced by deeper stresses induced by the Hertzian contact pressure. 

PHertz
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*+, -$.$%./0% 1 = *2, -%#.$%./0% 1 -*ρ * , (2) 
Macroscopic stresses are calculated with the FE model presented before. The deviatoric part, *2, -%#.$%./0% , is then calculated using (3).

*2, -%#.$%./0% 1 = *σ, -%#.$%./0% 1 -3 4 #. 1

With

3 4 #. 1 = 15 6 *σ, -%#.$%./0% 1 3 (4) 
The principle to obtain the mesoscopic shear stress is to calculate ρ*, the centre of minimum circumscribed hypersphere to the deviatoric stress path [35] and to subtract it from *2, -%#.$%./0% (2). Once the mean stress is obtained, τ -$.$%./0% is given by calculating the Tresca shear stress of *+, -$.$%./0% 1 , in (5).

τ -$.$%./0% t = |σ -$.$%./0% ' 1 -σ -$.$%./0% ''' 1 | 2 (5)
Where σ I mesoscopic and σ III mesoscopic are the maximum and the minimum principal stresses of *+, -$.$%./0% 1 . Crack initiates if the following criterion is verified

: 0- *; <= 1 , ≥ β (6) 
with ; <= 1 = τ -$.$%./0% 1 + α.

3 4 #. 1 (7) 

7/18

Where α and β are material parameters given by:

α = 3τ # B #$ .#$0. σ # B #$ C 0 D - 3 2 (8) β = τ # B #$ .#$0. (9) 
With:τ # B #$ .#$0. , the reverse torsion fatigue limit, σ # B #$ C 0 D , the reverse bending one.

Numerical values of these material parameters are discussed later.

Since the simulations are made at the mesoscopic scale, the criterion is calculated for each grain, and not for each element. This way the stresses are the same over one grain (ASTM grain size 8). Figure 8 shows the evolution of the Dang Van function (7), in the classical (Phydrostatic,τmesoscopic) frame for different identified grains. The grain close to the surface has a larger path than the other ones and is close to the limit. As the criterion is a comparison to the β value, a dimensionless formulation is proposed (10). If the value is equal or greater than one, crack initiation may occur:

; <= 1 β = : 0- *τ -$.$%./0% + α. 3 4 #. 1 , β (10) 
Figure 9 shows the evolution of fDV/β for the identified grains. Since the Dang Van criterion is the maximum value over the loading cycle, only the maximum value is kept for each grain (Table 2). Grain 1 value is higher since its loading path exceed the limit defined by the material parameters described here after. 
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Material properties

Since the gas-nitriding process enhances surface properties, the limits are not constant with depth [19]. Reverse bending fatigue limits are estimated for both bulk material and nitrided surface. The surface fatigue limit was estimated using staircase method on notched samples to be sure that crack initiates on the surface and not in the bulk [36]. Values are given in Table 3.

The values for bulk material are very close to those measured by Barralis and Castex [37]. As shown before, the Dang Van criterion is based on two material properties, the reverse bending fatigue limit σ # B #$ C 0 D and the reverse torsion fatigue limit τ # B #$ .#$0. . Barralis and Castex [37] measured both and found a ratio between the two values close to √3 for 32CrMoV13 steel. This factor was used to calculate the torsion fatigue limit with the reverse bending limit.

Fatigue limits

Bulk material Surface

σ # B #$ C 0 D 700 MPa 1400 MPa I J6KJ 1 τ # B #$ .#$0.
404 MPa 808 MPa lower, the value of the criterion is higher. Using only these properties, the mechanical component would be over-dimensioned to be able to withstand the considered loading. Using only the surface material properties on the other hand could lead to an under-dimensioned component with a high risk of failure initiated around the white dotted line, which corresponds to the depth of maximum Hertzian stress. At this depth, bulk properties lead to the prediction of crack initiation whereas surface ones do not. Gas nitriding leads to a property gradient between the two boundaries as discussed in paragraph 5. The evolution of hardness with depth is given in Figure 13. 12) and (13). Since σ # B #$ C 0 D at the surface and in the bulk are 400 MPa higher than the micro-yield stress, a simple addition is used here. the continuous variation of nitrided material properties, in black, is between the two curves of bulk and surface properties. Figure 17 shows the same metallographic observation as Figure 7, 11 and 12, compared to the previous simulation. As in Figure 12, the dent at the surface induces a high value of the criterion (above one) between the black lines. It is clear that the crack initiates in this area, before propagating towards the core. DEA, which appears under the white line, corresponds here to the end of the surface properties and material decay due to RCF. Indeed, this depth corresponds to the zone where material parameters tend to get closer to the bulk. DEA are known to correspond to RCF [START_REF] Shlicht | Rolling Contact Fatigue Mechanisms -Accelerated Testing versus Field Performance[END_REF] and this high value of Dang Van criterion can explain the appearance of this phenomenon. The same comparison can be made using the Tresca shear stress divided by the micro-yield stress, τ "# $% 0-$0. N $$ , Figure 18. Once more, the end of the gas-nitrided treatment is observable. However, the Tresca shear stress is not a crack initiation criterion and the value being higher in the sub-surface (τ "# $% 0-$0. N $$ = 2) than at the surface (τ "# $% 0-$0. N $$ = 1.5), it cannot predict the experimental results as well as the Dang Van criterion does. 7 Conclusion

σ # B #$ C 0 D = σ L0%#. M0 N $ # $$ + 400 ( 
In the present study, a numerical model for crack initiation within gas-nitrided steels subjected to RCF is developed and compared to experimental data. The FE simulation and the use of a multiaxial fatigue criterion are commonly used to predict the location of crack initiations for classical steel. However, gas-nitrided steel properties vary depending on depth. Using only the bulk core material properties or only hardened surface ones is not sufficient to predict the damage initiation observed experimentally. The proposed solution is to model this phenomenon based on the use of the micro yield stress profile to provide a realistic description of local fatigue resistance at the grain scale. With this method, the surface and sub-surface response to RCF are separated. Even if the use of the Dang Van criterion for RCF can be discussed [START_REF] Desimone | On the Application of Dang Van Criterion to Rolling Contact Fatigue[END_REF], the model better predicts crack initiation in gas-nitrided mechanical components. Crack initiation seems to start within the near surface area, around 100 µm deep in simulated conditions of this study. Then the cracks propagate in the case-hardened nitrided layer, eventually reaching the core. In order to confirm these hypotheses, crack initiation experiments with a similar protocol can be conducted. Furthermore, to improve the model, residual stresses due to gas-nitriding, although indirectly considered with the fatigue properties gradient, could additionally be taken into account.
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 1 Figure 1: Simulation summary
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 2 Figure 2 : Hertzian contact pressure
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 3 Figure 3 : Measured and analytical profiles
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 4 Figure 4 : Dented contact pressure
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 5 Figure 5 : Tresca shear stresses with dent centred in x=0

Figure 6 :

 6 Figure 6 : Load displacement and resulting pressure fields

Figure 7 :

 7 Figure 7: Tresca shear stresses compared to experimental observations -dent centred in x=0

Figure 8 :

 8 Figure 8 : Dang Van criterion for different identified grains

Figure 9 :

 9 Figure 9 : Dimensionless Dang Van function

  showing the criterion are limited to 1 at the maximum in order to highlight the initiations zones.

Figure 10

 10 Figure10shows the cartography of the Dang Van criterion considering that all the grains have either bulk (a) or surface (b) material properties. Since the bulk material properties are

Figure 10 :

 10 Figure 10 : Dang Van criterion for different material properties

Figures 11 and 12

 12 Figures 11 and 12 show a comparison of the previous criterion with the metallographic observation in Figure7. On one hand, the values of the criterion, Figure11, predict a crack initiation within all the observed area and are therefore not suitable for the prediction of crack initiation location. One the other hand, Figure12does not explain the presence of DEA in the sub-surface area.

Figure 11 :

 11 Figure 11 : Dang Van criterion for bulk properties compared to experimental observations

Figure 12 :

 12 Figure 12 : Dang Van criterion for surface properties compared to experimental observations

Figure 13 :

 13 Figure 13 : Relative hardness of nitrided steel Figure 14(a) is the micro-yield stress for 32CrMoV13 nitrided steel measured by Girodin[38]. The evolution between bulk and surface properties is steep but still continuous. A similar gradient is used to modify both both σ # B #$ C 0 D and τ # B #$ .#$0. with depth as shown is Figure14(b). The mathematical expressions linking these three parameters are given in equations (12) and(13). Since σ # B #$ C 0 D at the surface and in the bulk are 400 MPa

12 )Figure 14 :

 1214 Figure 14 : Material properties of gas-nitrided steel a) Micro-yield stress b) reverse bending and torsion fatigue limits Dang Van criterion is now calculated with these material parameters (Figure 14 (b)). Figure 15 shows simulation results. Dent impact on the surface and the Hertzian influence on the subsurface area are clearly observed. Since the criterion exceeds one, crack initiation should appear both at the surface and sub-surface.

  Figure 15 shows simulation results. Dent impact on the surface and the Hertzian influence on the subsurface area are clearly observed. Since the criterion exceeds one, crack initiation should appear both at the surface and sub-surface.

Figure 15 :

 15 Figure 15 : Dang Van criterion for gas-nitrided steel

Figure 16 (

 16 Figure 16 (b) shows the evolution of the dimensionless Dang Van criterion along the white path showed in Figure 16 (a) for bulk, surface and nitrided material properties. The result with

Figure 16 :

 16 Figure 16 : a) Studied path, b) Dang Van criterion along the path

Figure 17 :

 17 Figure 17 : Dang Van criterion calculation compared to experimental observations

Figure 18 :

 18 Figure 18 : Dimensionless Tresca shear stresses compared to experimental observations -dent centred in x=0

Table 1 :

 1 Simulation contact parameters

		maximal Hertzian pressure 2.1 GPa
	a	contact semi-length	0.62 mm
	dth	dent depth	37 µm
	φ	dent diameter	250µm

Table 2 :

 2 Dimensionless DangVan criterion Since the Dang Van criterion predicts crack initiation if the value of

Table 3 :

 3 Fatigue limits
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