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The crack initiation mechanisms under fretting fatigue conditions are investigated. Fretting fatigue tests have been conducted on an aluminium alloy. Two major crack initiation mechanisms are experimentally observed. They are theoretically identified by employing a simple dislocation dipole model and taking into consideration the reverse sliding along dislocation layers and the influence of the distance between these layers. It is shown that cracks may initiate either by an extrusion-intrusion mechanism or a fatigue tensile process. Two parameters respectively linked to each of these initiation mechanisms are proposed to predict crack location. The theoretical crack initial growth directions and locations are shown to correlate very well with the experimental ones. With regards to these initiation processes, a spall detachment mechanism is proposed considering the i nteraction of microcracks.

Introduction

The aim of this study is to identify parameters govern ing crack initiation and thus to predict initial crack growth angles and locations, under fretting fatigue loading.

Three questions are generally asked when studying the crack initiation process:

• Where will the crack nucleate?

• How long will this process take?

• Along which direction will the initial growth take place?

To answer these questions three types of studies are conducted on crack initiation. The first ones aim at predicting where initiation might occur. Dang Van1 proposed a criterion considering the elasto-plastic beh2�viour of materials to predict initiation sites. This being the tangential tensile stress. This parameter was also used to estimate the fatigue life during their experiments. Hills and Nowell3 tested this criterion under fretting fatigue conditions. They showed that initiation was likely to appear close to the trailing edge of the contact, where a sharp peak of the latter para meters was reached. Lamacq et al. [START_REF] Lamacq | Crack path predic tion under fretting fatigue, a theoretical and experimental approach[END_REF] related the variation of er .xx to crack initiation and compared the theoretical initiation sites to experimental ones. Here again, it was shown that cracks would nucleate near the edge of the contact in the fretted area. Actually, all the proposed parameters predict crack initiation under fretting fatigue conditions at roughly the same location.

The second approach aims at predicting the number of cycles to initiation. Mura and Nakasone5 proposed a theory to provide S-N curves for crack initiation. They considered the dependence of crack initiation on material parameters such as yield strength and grain size. Here, dislocation motion and energy dissipation were taken into account. They showed that the smaller the grain size, the higher the fatigue strength for crack initiation. Cheng et al.6 considered dislocation pile-up to predict crack initiation life under contact fatigue.

The influence of residual stress, hardness, temperature and irreversibility of plastic deformation was taken into consideration. All these approaches are in good agreement with experimental results.

The third approach aims at predicting the crack initiation direction. Few studies were carried out on crack initiation direction under fretting fatigue con ditions. Nowell et al.7 considered the variation of the stress intensity factors to study each crack growth stage under these loading conditions. But the applicability of the usual stress intensity factor expressions developed for long cracks, to very short cracks existing in the early growth stage is very questionable, the validity of LEFM for such crack lengths being under question. Actually, it may not be appropriate to study stress intensity factor variations to predict the direction of a crack that still does not exist! On the other hand, Yamashita and Mura8 considering the stresses influenc ing dislocation motion, predicted crack initiation under repeated oblique force. They also considered the influ ence of a contact asperity in order to understand the mechanism of the initiation of experimentally observed pitting cracks. This method, in taking into consideration a realistic initiation mechanism, seems more appropri ate for initial crack growth direction prediction.

Considering the movements of dislocations, the crack initiation mechanism will here be identified either as a process of extrusion and intrusion of slip bands as described by Cottrell or Mott or as a tensile fatigue process. Once the two initiation mechanisms are theor etically identified, two specific parameters are linked respectively to each mechanism to predict the crack initiation sites. The model proposed here is thus able to predict initial crack growth directions and locations taking into consideration a physical phenomenon. As experimentally observed, a large number of microcracks are initiated in the fretted region near the edge of the contact as well as in the fretted region. It will be shown that the interaction of the microcracks initiated through these two crack initiation mechanisms may lead to spall detachment.

Experiments and observations

The expe1imental results presented are concerned with fatigue crack initiation under fretting wear conditions. A more general campaign on cracking behaviour of three aeronautical aluminium alloys under fretting con ditions has been conducted and presented more exten sively elsewhere4•9• This general study was undertaken

Experimental procedure and conditions

The apparatus is based on the fretting wear device developed at the Ecole Centrale de Lyon9. This fretting wear device was superimposed on a static loading frame. A full description of the fretting fatigue appar atus is reported elsewhere9. A brief description of the apparatus is shown in This micro-displacement produced on the surface induces an oscillating tangential force, Q(t), in the contact area. The planar piece also undergoes a static uniaxial traction, cr0. The experimental conditions con sidered for this study and the mechanical properties of the aluminium alloy tested are summarized in Table 1.

Fretting contact morphology

In the present study, the contact conditions considered are related to a mixed regime next to sticking. Fatigue cracks are the main surface degradation observed under these loading conditions. The contact zone is divided into two distinct domains (Fig. l (b)). The central zone of the contact is a disk encircled by an annulus whose boundary is blurred. The inner central zone corresponds to the stick zone. Fretting damage is not significant in this domain. The outer annulus corresponds to a micro sliding zone. The micro-sliding condition is more dam aging for the surfaee than in the stick zone, more wear damage being involved during sliding. The particle loss is facilitated by the sliding displacement, unlike in the stick zone where particles are locked.

No significant plastic deformation is observed at the specimen surface at the end of tests. The depth of deterioration in the sliding zone due to spall detach ment is less than 10 µm.

Experimental observations on fretting cracks

Multiple cracks initiated in the contact zone. Only two of them, situated symmetrically from the centre of the contact, propagated whilst all the others were self arrested. On the plane specimen surface, (xOz, in Fig. 1 (b)) the two cracks propagated perpendicularly to the fretting direction, with a semi-elliptical shape. They join each other at each edge of the specimen, as observed in Fig. 1 (b ), Looking at cross-section (xOy) (Fig. 3), these multiple cracks clearly appear. All along the experiments, cracks were observed to initiate along two major distinct directions: in order to analyse the cracking phenomena under

• The first crack m1trat10n type corresponds to an cumulative effects of contact loading and external static initial cracking at a low angle with respect to the traction. In the following text, 'fretting f a tigue' is specimen surface. Cracks are then observed to grow used to describe these loading conditions. The main initially along a direction of approximately 25° as experimental observations on crack initiation obtained observed in Fig. 2(a). This type of crack was on 7075 aluminium alloy will be briefly presented.

detected in the fretted annulus of the contact area. A crack network also exists in the opposing spherical specimen (Fig. 3). This counterface is only submitted to fretting loading (fretting wear). The two longest cracks of this piece are located opposite to the two principal cracks of the plane specimen. These fretting wear cracks have the same locations and inclinations as the fretting fatigue cracks. They are shorter than the latter ones. Figure 3 presents the crack network existing in a planar specimen and the crack network observed in its opposing sphere. Multiple cracks are observed in both pieces. The two crack initiation direc tions defined previously can be observed on these two figures.

Theoretical approach to fretting fatigue crack initiation mechanisms

During the experiments, crack initiation first appears in the meridian plane of the contact area (in Fig. 1 processes are generated at the middle of the contact, in the plane of imposed displacement. Furthermore the initial growth direction is also first apparent in this plane.

Thus as a starting point, a two-dimensional model is used here to calculate the continuum stress field in the meridian plane of the contact area, considering the contact surface pressure distributions in this plane.

During the experimental procedure, the flat specimen is submitted to a static traction. The spherical pad is pressed against the fiat specimen and is submitted to an oscillatory displacement. This generates an oscillating tangential force at the interface of the contacting bod ies. The latter are submitted to a constant normal force, Fn, and an oscillating tangential traction, Q(t) (Fig.

4(b)

). The analytical results of Johnson10 are used to determine the contact area size and the partition in the stick and slip zones (Fig. 4(c)). The normal and tangen tial distribution of pressure are thus calculated. The stress field in the specimen is calculated by superim-posing the effect of the fretting surface loading on the external static loading, uD. In the present study, a mixed regime with a dominant stick zone is modelled. The experimental loading conditions used are summar ized in Table 2.

Experimental evidence

As mentioned previously, many cracks may initiate in the fretted area. Two cracks of this network propagate The first conclusions that can be drawn from these experimental observations are:

• The crack location and initiation angles are system atically reproducible; crack initiation is not only governed by a random distribution of inhomogen eities. Initiation results from the coupling effect of cyclic loading and micromechanical phenomena. • The fretting loading plays a major role in the crack initiation and propagation processes. Actually, the symmetrical feature of the fatigue crack network originates from the symmetrical reverse slip resulting from the symmetrical tangential traction on the sur face. Furthermore, as mentioned in the first part of this study, an identical crack network was observed in the counterface which was not subjected to this static traction. This counterface being only submitted tc fretting wear indicates that analogous initiation processes take place under fretting wear. The theor etical model proposed is thus not specific to fretting fatigue problems.

• Two different types of crack angles are observed. It may be concluded that two types of crack initiation mechanisms induced by two different stressing mechanisms take place during the initiation process.

Dislocation model for crack initiation

It is well known that damage accumulation must take place to form a flaw before crack propagation takes place. Hence, any discussion of fatigue must be related to the movement of dislocations under the influence of the applied stresses. The threshold stress to cause dislocations to move is very small and therefore cycling stressing well below the elastic limit will involve the oscillation of dislocations.

The simple model for contact fatigue crack initiation proposed by Yamashita and Mura8 is used here. Cracks are assumed to initiate by localization of plastic defor-mation. Plastic slip takes place on a weak glide plane. Dislocation loops are piled up as a result of multiple slip. The slip plane is inclined by an angle a with respect to the material surface as shown in Fig. 5. A schematic representation of the pile-up of dislocation loops on a slip plane is represented.

Two typical slip patterns are shown: (a) a rising pattern, (b) a sinking pattern. Figure 5(c) shows the damage accumulated at the dislocation dipoles, due to cyclic loading.

The reader should refer to Reference 8 for further explanation.

As the stress in the surface layer changes rapidly, the average value of stresses on the slip plane is used. As mentioned by Yamashita and Mura, when there is a sharp stress concentration, it is generally accepted that the absolute value of the stress at one point might not govern fatigue but some volume of material under high stress has to be considered.

In the following discussion, it is now assumed that the amplitude of the average shear stress on a plane, 6.w1, and the maximum value of the average normal stress on the same plane, maximum of am, are the governing parameters for crack initiation. The average values are calculated considering an inclined plane of length L (Fig. 6). L must be very small in order not to introduce stresses that are not experienced very close to the material surface.

A very fine grid is defined in the general (X,Y) axis.

The continuum stress field is calculated over this grid. The plane inclination a ranges then from 0° to 180°.

The stresses arc then converted in the (n,t) coordinate system associated with the inclined plane to calculate the average stress along that direction. Tm is the aver age value of ant and am the average value of ann along the plane of length L. In the following discussion L is taken to be 20 µ,m.

Results and discussion

Prediction of crack initiation angles

The aim of this section is to identify the initiation mechanisms involving the two types of early growth stage cracks experimentally observed.

First crack initiation mechanism

Figure 7(a) shows the variation of am at three different points in the contact area, depending on the inclination a of the initiation plane considered. It must be kept in mind that the size of the contact area in the present example is 3.57 mm and the size of the minimum stick zone is 2.30 mm. The origin of the x-axis is at the centre of the contact zone. As can be observed, the plane inclination corresponding to am maximum value varies with respect to the initiation site considered in the contact area. For example, fim is a maximum along the 90° plane for the point lying at the edge of the contact, x = -1.785 mm. When the point considered is in the fretted area, x 1.65 mm. the maximum value of am is reached for a = . 80°. At x = As the fretting proceeds, the volume located at this point is submitted to a tensile fatigue traction with R = -0.17 (R a min/er max). This elementary volume is thus submitted to classical tensile fatigue. But contrary to the classical plain fatigue tests, initiation appears very early in the test life under fretting fatigue. One explanation of this early crack initiation is that the tensile stress level is quite high under fretting fatigue. Hence, an initial flaw sub mitted to this tensile cyclic stress may fail through a brittle tensile fracture. These remarks show that the 

Second crack initiation mechanism

Figure 8 shows the evolution of the amplitude of Tm over a fretting cycle, /).Tm, at three points in the contact area depending on the inclination a of the initiation plane considered. The amplitude of Tm reaches a maximum value on two planes at each contact point. These planes are perpendicular to each other. The maximum-amplitude-plane inclination varies depending on the point in the contact zone. Figure 9 shows the variation of Tm and crm at point x = -1.65 mm for two extreme values of the tangential force (Q +950 N, Q = -950 N), during the fretting cycle. If we consider that initiation will take place at this contact location, in the fretted area, the predicted initial crack growth direction then equals 30° and 120° with respect to the surface.

Experimentally, only one initial growth plane is observed at each initiation site. Here, the 120° plane is not experimentally observed.

Yamashita and Mura were . facing a similar problem when analysing the evolution of /).Tm in order to study 
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•,4 . ... 90° and a = 130°. As results on other plane inclinations were not given, it is not possible to guess if this was also encountered along other plane direc tions. The authors suggested that a more realistic stress analysis considering the asperity effect was necessary. So, they took into account a single asperity located at an arbitrary site in the contact in order to distinguish the evolutions of stresses along different plane incli nations. This solution is not considered here. In the authors' opir.ion, it is not a statement of the obvious to consider the [nftuence of a single asperity in order to study the asperity effect whereas multiple asperities may act as metallic junctions in the contact area. So, two other explanations are proposed to explain the 'non-initiation' alor:g this direction.
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First, it has to be noted that the ll Tm value along the 120° plane is slightly smaller than this quantity along the 30° plane. But the difference (respectively 288 MPa on the 120° plane and 294 MPa on the 30° plane) is too small to give a physical explanation.

Secondly, the am values experienced along these two ll1mlmaximum planes vary differently during a fretting cycle. Along the 120° plane, am varies from -11 MPa to 250 MPa. Along the other direction (30°), the am value ranges from -127 MPa to 128 MPa (Fig. 9). Mura and Nakasone5 in presenting their vacancy dislocation-dipole-model pointed out the importance of the distance d (Fig. 5) between the two dislocation layers along the slip direction. These two layers have to be close enough to be able to stimulate reverse slip on each other. When the layers are far from each other or too close, this stimulation or acceleration cannot be seen. This can explain the inefficiency of the 120° plane to nucleate a crack. Actually, the am values experienced along this plane are very high and not symmetrical around am = 0. Hence, am will tend to move apart the dislocation layers at each fretting cycle and thus annihilate their interaction. On the other hand, am along the 30° plane is totally symmetrical around am = 0. Hence, the distance d between the dislocation layers oscillates between a constant value, enabling reverse slip stimulation from one layer on the other. The model gives here a physical explanation to the non-initiation of a crack along the 120° plane that was experimentally observed. The influence of shear stresses to enable pile up of dislocations and dislocation motion, but also the influence of am to stimulate slip along dislocation layers, have to be taken into consider ation.

Hence, at each contact point, two initiation planes are first theoretically predicted through the maximum value of 11Tm. But one of these two planes is not physically acceptable due to a major reason explained previously.

In Fig. 9, the evolution of am and Tm, at point x = -1.65 mm, for Q = +l-950 N, is represented versus initiation plane inclination. Along the plane a = 30° corresponding to 11Tm maximum, dislocations are sub mitted to reciprocating shear stress and tension com pression. Reverse slip thus proceeds all along a fretting cycle along this initial growth direction. Hence, a process of rising and sinking slip takes place. This process was already described as an extrusion intrusion mechanism.

Chivers et al. [START_REF] Chivers | Fretting fatigue and contact conditions: A rational explanation of palliative behaviour[END_REF] proposed palliatives to fretting fatigue damage and thus proposed to reduce the tensile traction at the surface. The present theoretical results demon strate that crack initiation is also induced by shear stresses along specific planes. Hence, it may be erroneous to try to reduce fretting damage only by considering tensile stress reduction.

At this stage of the study, two initiation mechanisms have been identified to explain the two major crack initial growth directions experimentally observed under fretting fatigue loading. The next step of this approach is to link each of these mechanisms to a parameter predicting the initiation site. linked to this maximum value are also reported. Pos itions of contact points are recalled in Fig. 1 O(b ). As mentioned previously, a high tensile stress level is necessary to initiate a crack along these directions. am increases very rapidly at the trailing edge of the contact zone. Hence, tensile fatigue cracks initiate very close to the edge of the contact, inside or outside this area. The corresponding crack initiation directions range from 90° (outside the contact) to 75° (inside the contact). These crack inclinations and locations corre late very well the experimental observations.

Location of crack initiation

Location of tensile fatigue cracks

It is very interesting to note that cracks are also predicted to nucleate outside the contact area via a brittle tensile fracture mechanism. Contrary to Ruiz's parameters that predict no crack initiation outside the contact area, this model gives 'sharper' answers to crack initiation under fretting fatigue loading.

Location of shear cracks

As demonstrated before, the parameters governing crack initiation induced by an extrusion-intrusion pro cess are the amplitude of Tm and the variation of am along that direction. In Reverse sliding along each dislocation layer is then gradually annihilated.

On the other hand, when am is quite symmetrical around am = 0, that is when aa approximately equals zero, the reverse slip along the dislocation layer will result from the coupling action of 'Tm and am along that direction. As observed in Fig. 11 (a), this condition is obtained for 1.75 mm < x < 1.55 mm. Further more for x -1.65 mm, aa equals zero. This is the condition under which the dislocation stimulation is the more efficient along the dislocation layers. Thus potential initiation loci are predicted through the vari ation of Ll'Tm and the mean value of am along crack initiation directions. Crack initiation induced by an extrusion-intrusion mechanism is shown to occur in the fretted area, neither too close to the trailing edge nor too close to the minimum stick zone of the contact. Thi:; crack 1mtiat10n domain is experimentally observed, many cracks being initiated in this area.

Crack interaction leading to spall detachment

Spall detachment is a common wear mechanism encountered under fretting fatigue conditions. This damage may be induced by complicated processes such as microstructural transformation (second phase), presence of high strains, plasticity etc. Spall detachment may also occur by coalescence of microcracks.

As demonstrated previously, many cracks may initiate in a very small area and along different directions. Thus these microcracks may meet each other. A sche matic representation of this phenomenon is reported in Fig. 12. One crack is initiated by one of the two mechanisms identified previously. Another crack is initiated either by the same mechanism or by the other one in the neighbourhood of the first crack. As these cracks are not initiated through the same process or are not located at the same site, they will propagate along different directions. Thus they may join each other leading to the detachment of the central part surrounded by these two cracks. This phenomenon is observed in Fig. 2(b). Two cracks were initiated close to each other in the right side of the contact (x>O). A crack was initiated by a tensile fatigue mechanism. On its right a second crack was initiated through an extrusion-intrusion mechanism, at a more oblique angle. As can be observed the coalescence of these cracks led to the detachment of a small surface particle.

Near the stick contact area, cracks initiated through maximum shear stresses are inclined along a near-zero direction (Fig. 12). These cracks may exist in a very dense network and their inclination may also lead to particle detachment. • Along a direction ranging from 25° to 35° with respect to the surface through a reverse slip mech anism. Sliding originates from dislocation move ments along persistent slip bands. Alternative reverse slip and traction-compression act on this initiation planes. Resulting from this cyclic sliding, a process of extrusion and intrusion on slip bands is thus predicted. This mechanism is governed by the shear stresses acting on the dislocation layers that will lead to the formation of a crack. Furthermore, the distance between the two dislocation layers is taken into consideration via the analysis of the tensile stress along the initial growth plane. This new approach coupling the effect of sliding on dislocation layers and of the distance between these layers gives a physical explanation to the experimental initiation angles observed. It correlates very well with the experimental initial propagation directions.

Conclusions

Two parameters are proposed to predict crack location with regards to these initiation mechanisms. Each of these parameters is linked to one of the two initiation mechanisms proposed previously. The tensile fatigue cracks nucleate very close to the contact edge, inside or outside the contact area. Considering the coupling effect of the shear stresses and tensile stresses along each initiation direction, cracks formed by an extrusion-intrusion mechanism are shown to occur in the fretted area, in a specific domain. These theoretical results correlate very well with the experimental obser vations on the location of cracks initiated under fretting fatigue loading. This theoretical model tested under fretting fatigue conditions is also applicable to fretting wear cracking problems. During the experiments, simi lar crack networks were observed on the specimen only submitted to fretting wear. This theoretical approach is, a priori, not specific to fretting fatigue damage.

With regards to these initiation processes, a spall detachment mechanism is proposed considering the interaction of microcracks initiated along different directions.

*
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  Fig. l(a)) and thus rubs against the planar specimen. This micro-displacement produced on the surface
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 1 Fig. 1 (a) Experimental apparatus; (b) view of the specimen swface contact
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  ). This type of crack generally appears near the edge of the contact area, inside or outside this domain.
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 23 Fig . . 2 Two crack initial growth directions under fr etting fatigue conditions: View of specimen cross section (0, X, Y). (See Fig. I fo r notation)
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 4 Fig. 4 (a) Definition of the meridian plane of the contact and schematic position of crack initiation sites; ( b) fretting fatigue modelling; ( c) contact notation
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 56 Fig. 5 Representation of the pile-up of dislocation loops on inclined plane8

Figure 7 (

 7 b) shows the variation of am at point x 1.75 mm for three stages of the fretting cycle (Q = +950 N, Q = 0 N, Q = -950 N). crm varies between -80 MPa and 480 MPa along the direc tion of maximum crm.

  perpendicular to the surface are initiated through a tensile fatigue mech anism. The theoretical initiation directions linked to this tensile fatigue mechanism correlate very well with the experimental ones.
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 7 Fig. 7 (a) Evolution of am at three points in the contact area versus initiation plane inclination; (b) evolution of am at x = -1.75 mm, at three loading stages
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  Fig. B (a) Evolution of LlTm at three points in the contact area versus initiation plane inclination; (b) calculation of Tm and mn
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 9 Fig. 9 Evolution of Tm and mn at x
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  Figure lO (a) shows the evolution of the maximum value of am versus the potential crack location in the contact area. The corresponding crack initiation angles
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  Fig. JO (a) Evolution of the maximum value of mn versus contact points and corresponding initial growth angles; (b) definition of contact points plotted

  Fig. 12 A simple mechanism for spall detachment

Table 2

 2 Contact conditions considered in this study

	sym11etrically to the contact centre, under the contact
	zone. Contrary to classical references on fretting fatigue
	initial growth angles, cracks were not observed to
	nucleate along the 45° (or somewhat more) plane with
	respect to the component surface11•12• It must be
	pointed out that all the previous theoretical and experi
	mental approaches on fretting fatigue were applied to
	classical fretting fatigue tests. During these tests the
	contact fatigue stresses were induced by bulk and
	surface deformations induced by a cyclic fatigue exter
	nal stress (twisting, bending, tension-compression).
	During the tests conducted in this study, a static tension
	(representative for example of residual stresses) is
	superimposed on a fretting contact loading. This load
	ing condition is called 'fretting fatigue static'. In the
	following text 'fretting fatigue' is employed instead of
	'fretting fatigue static'. This new test configuration
	induces different crack initiation angles. Hence, two
	types of crack initiation angles are observed. Some
	cracks initiate with an angle of approximately 80° to
	the surface near the edge of the contact. Other cracks
	initiate with an angle of approximately 25° to the
	surface, in the fretted area. One or both of these
	two initial propagation directions was systematically
	observed during the fretting fatigue experiments.

Normal force Fn = 1000 N, Tangential force 0 = +/-950 N; positive from right to left, Global friction coefficient µ = 1.3, => Contact zone, 2a = 3.57 mm => Minimum stick zone, 2c = 2.30 mm