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Fracture Mechanics and Spall Detachment In Cyclic Hertzian Contacts: Theory and Computer Simulation

A semi-analytical two-dimensional linear elastic model of multiple bent fati gue cracks is developed for contact loadings, taking into account friction between crack faces [l, 2, 3] . The model rests on the dislocation theory and on the contact problem solution between crack faces as a unilateral con tact with friction. This model is used to predict particle detachment and crack propagation and direction under non proportional mixed mode loa ding conditions. A typical configuration that may lead to spall detachement is analysed. 
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x q y q with, . Notations employed for crack labelled q (1 � q � p) The expressions of the stress ker nels K ij x ' k ij y are given elsewhere [START_REF] Dubourg | Analysis of multiple fatigue cracks: Part I: theory[END_REF].
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The displacement field is made uni que by imposing a geometrical cut that fits with the crack line (cf.

fig. 2). Numerical solutions are em ployed to solve these singular inte grals [START_REF] Erdogan | Numerical solution of singular integral equations. Me thods of analysis and solutions of crack problems[END_REF]. Integration points r 1 and collocation points s k are chosen [START_REF] Erdogan | Numerical solution of singular integral equations. Me thods of analysis and solutions of crack problems[END_REF]. Discretized form of equations ( 14) to ( 16) are thus available.

SIFs at each crack tip are determi ned using Krenk's interpolation for mulas [START_REF] Krenk S | On the use of the interpolation polynomial for solutions of singular integral equations[END_REF]. 

The contact problem

The crack contact problem is solved Branching angle 9 0 /::,.
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  cycle) mixed mode loading, modes I + II in that case. For that type of loading, cracks usually branch, i. e. grow in a different direction from the initial one. The model of fatigue crack behaviour used in this analysis was presented earlier for generality. The ori ginality of the model lies in the treatment of the contact problem with friction which uses Kalker' s [8] two-body unilateral solution. Thus no limiting assumptions con cerning the distribution of stick, slip and open zones along crack faces -that govern the stress field and thus the SIFs -are needed. plane. This last assumption is justified as the dimensions of the contact zone are small next to those of the bodies in contact. Coulomb friction is assumed between crack faces. account the actual loading history must be developed. Bounda ry conditions for the (i+l) step, over the surface (relations 1 to 4)
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 12 Fig. 1. Multiple bent cracks under loading (p = 3)
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 3 Fig. 3. Bent crack under uniform tension [ll]

  The model is adapted to the determi nation of SIFs at the tip of bent or kinked cracks. The crack profile is described using straight segments. Then a spline interpolation is per formed. Dislocations are then dis tributed continuously lengths and orientations (cf. fig.3), [ll] indicate that the solution is numerically correct (cf. fig. 4) : 2\ maximum differences are obser ved for kink angles up to 45°. For small branch (b/a = 0.05) results are within to 5 \ of those given by Abe et al [12) (12 segments are used to describe the crack profile).

  as a unilateral contact problem with friction following Kalker [8). Dif ficulties are met because different boundary conditions formulated both in terms of equations and inequali ties relate to zones whose dimen sions are not known. An iterative process is used. The crack is assu med to be completely closed and ad herent at start. Initially [l] the Panagiotopoulos process was em ployed. It consists in solving ite ratively the normal and the tangen tial problem until convergence oc curs. The normal problem is the de termination of the contact and open zones along crack faces ; the tan gential problem is concerned with the stick and slip zone determina tion along the contact zones. A new process, called "kombi", developed by Kalker, which has proved bo te completely reliable, is now em ployed. It is slower than the Pana giotopoulos process but converges when the other one does not.
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 34 Fig. 4. SI F for a bent crack at tip B under uniform tension
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 S Fig. S. Two cracks under combined tension and contact loading

  , is applied over the surfa ce of a half-plane in combination with a uniform bulk tension o. This half-plane exhibits two surface breaking cracks. The position of the load is defined with respect of the position of the trailing edge yp (cf. fig.5). The crack coefficient of friction and mode I threshold are respectively only one form of loading ( 2). In this application, the load travels from left to right. At first, tension dominates the sce ne: both cracks are completely open.
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 167 Fig. 6. Variations of K I for cracks 1 and 2 versus yp
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 9 Fig. 9 Variations of K 1 * versus the orientation of the branched segment for crack 2

  The identification of the conditions that lead to spall detachment are investigated through fracture mecha nics. Conditions which lead to crack propagation and kinking are exami ned. The crack is assumed to propa gate in local mode I when KI is lar ger than the mode I threshold and in the direction where K 1 * or 6K 1 * is maximum. For the case studied here, 2 cracks under combined contact loa ding and uniform tension, results agree with practical observations :

cracks change direction and become nearly perpendicular to the uniform bulk tension.