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Abstract

:

Fretting fatigue is a fatigue damage process that occurs when two surfaces in contact with each other are subjected to relative micro-slip, causing a reduced fatigue life with respect to the plain fatigue case. Fretting has now been studied deeply for over 50 years, but still no univocal design approach has been universally accepted. This review presents a literature study that involves the three main types of mechanical joint affected by fretting fatigue (press-fitted shaft hub joints, dovetail joints, and bolted joints) aiming at giving insight into the progress made in terms of design guidelines for engineers.
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1. Introduction


Fretting is a phenomenon that occurs when two contacting surfaces are subjected to oscillating tangential forces. Zones of microslip develop along the contact surface where sliding occurs, leading to considerable surface damage. As a result, two main effects can be observed:




	
Wear of the surfaces;



	
A considerable reduction in fatigue life.








If there is a predominance of the former effect, the phenomenon that occurs is called fretting wear, and vice versa with fretting fatigue taking place. This second phenomenon is perhaps more dangerous because it has been responsible for many critical service failures of components, leading sometimes to tragic accidents.



Generally speaking, the fretting damage process can be divided into three different phases, as reported by Hurricks [1]. The first phase deals with the removal of the oxide layer on the contact surfaces due to the mechanical wear. After the first few fretting cycles, the oxide layer has been completely worn off and the underlying component materials start to adhere, with the consequent development of micro welds and an increase in the coefficient of friction. Additional loading cycles cause the micro welds to break, forming wear debris [2]. More fretting cycles entail plastic deformation and microcrack development near the surface, further wear and possibly formation of new oxide, both on the component materials and on the wear particles. These cracks develop in correspondence to the stress concentration at the contact edge, namely the boundary with the non-slip area. The existence of non-propagated fretting cracks has been reported [3,4], suggesting that while fretting might heavily influence crack initiation and initial growth, the eventual crack growth far from the contact area is dominated by sufficiently high stress fields as in normal fatigue. The fretting problem is closely connected with the different types of contact [5]: in incomplete contacts, the contact area is strictly connected to the normal load, whilst in complete contacts, stress singularities are introduced in correspondence to sharp corners. It is known that the increasing residual shearing tractions in frictional complete contacts further restricts sliding during the fretting cycles [6,7]. The same effect does not occur in incomplete contacts and therefore local sliding will always occur, making this kind of contact more inclined to fretting fatigue. In order to better understand the fretting phenomenon, it is therefore crucial to understand the different contact conditions and, therefore, a short review of contact mechanics analytical studies is presented.



1.1. Contact Mechanics


The first analytical study of contact was presented in 1882 by Hertz [8]. Theoretically, when two non-conforming bodies are naturally placed in contact, the contact zone is a point or a line, depending on the bodies’ shapes (Figure 1). When external forces or displacements are applied, the two elastic bodies deform and therefore the contact zone becomes a definite contact area whose shape depends on the load magnitude. Hertz solved the elastic contact problem under the assumptions of a frictionless non-conforming contact between linear elastic bodies for which the contact area is small compared to the bodies’ dimensions. Different geometries have been studied [9], here we will recall the particular case of contact between a cylinder and a half-plane.



The normal force P results in a contact patch of width   2 a   over which a pressure   p  x    is developed:


  p  x  =  p 0    1 −      x a     2     



(1)




where:




	
   p 0  =   2   P   π   a    



	
   a 2  =   8   P   R     1 −  ν 2      π   E    








for the case of elastically similar bodies with Young’s Modulus  E  and Poisson’s Ratio.



In 1938, Cattaneo [10] extended the Hertzian contact problem to include the action of friction and consequentially tangential loads, therefore introducing interfacial partial slip. He first approached the problem considering the application of a constant normal load P and a monotonically increasing tangential load Q, starting from zero, to the three dimensional Hertzian case of elliptical contact area. The axisymmetric case of a fourth-order function was also treated later in 1947 ([11,12]). The same problems were treated independently by Mindlin firstly in 1949 [13], while new generalizations on the loading path were later considered ([14,15]). In these cases, the normal pressure distribution remains unchanged, but shear tractions are developed to sustain the tangential force. A central stick zone    x  < c   is formed, bordered by two slip zones in which limiting friction acts (Figure 2).



The shear tractions   q  x    are given by:


  q  x  = μ  p 0    1 −      x a     2    +  q ′   x   



(2)




where:




	
   q ′   x  = 0                                if                      a >  x  > c  



	
   q ′      x    = − μ  p 0     c a      1 −      x c     2                   if                       x  < c  








The size of the stick zone  c  is revealed by enforcing tangential equilibrium:


     c a  =   1 −    Q  μ P        



(3)
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Figure 2. Contact configuration of the Cattaneo–Mindlin problem, with normal and tangential contact load distribution. 






Figure 2. Contact configuration of the Cattaneo–Mindlin problem, with normal and tangential contact load distribution.
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Introducing the cyclic nature of force Q, Mindlin and Desesciewicz [15] concluded that the resulting shear stress distribution is cyclic between limiting values of   ± q  x   .



In the late 1990s, Ciavarella extended the Cattaneo–Mindlin problem to more geometries [16], being able to exactly solve the 2D contacts problem but only approximating the solution for three dimensional contacts.



The Cattaneo–Mindlin configuration has been frequently adopted as the setup for fretting fatigue experimental testing. However, it must be highlighted that the presence of bulk stress during the experimental tests made tangential load distribution differ from the Cattaneo–Mindlin solution. Many years later, in 1987, Nowell and Hills analytically studied the effect of bulk tension on the stress distributions for the Cattaneo–Mindlin case [17]. It was demonstrated that the bulk stresses in the specimen introduced an eccentricity to the contact stick zone due to strain mismatch (Figure 3).



Barber et al. [7] applied periodic tangential loads and periodic normal loads to Ciavarella’s case. The contact problem was studied considering Q = µP so that gross slip would not occur. They concluded that the extent of the permanent stick zone during steady state was independent of the loading path while the interior traction distributions depended on it.




1.2. Fretting Damage in Structural Joints


Understanding the fundamentals of fretting fatigue and fretting contact is crucial not only from the scientific point of view, but also from the practical point of view since there have been numerous reports of failures involving a wide variety of common structural members [18,19,20,21,22,23,24,25,26,27] due to fretting damage. Press fitted joints, dovetail joints and bolted joints have been reported to be strongly affected by fretting fatigue, since they operate under quite high normal contact loads and vibrations during service, which triggers relative displacement. Many studies are already present in literature, all concerning experimental tests, development of new text fixtures, analytical studies, or numerical studies on these joints (Figure 4). Therefore, the aim of the next sections is to give an insight of these literature studies that have been carried out, following chronological order, highlighting the most relevant results and the steps made throughout the past 60 years.





2. Press Fitted Shaft-Hub Joints


The press-fitted shaft-hub joint is a commonly used method to assemble mechanical parts. The retaining capability of such joints is proportional to the coupling pressure developed at the interface between the shaft and the hub by the radial interference between the members. This type of joint implies a certain amount of radial deformation of the shaft which acts exactly like any other geometrical discontinuity, subjecting the area to a local stress peak and therefore, with the presence of external time dependant loads, to fatigue failures. Practical examples of interference-fitted joints might be railway axles, the front forks of bikes or motorbikes, and turbogenerator rotors. The occurrence of fretting increases the need for finding a method to safely design this kind of joint even more, since it has been reported [28,29] that fretting crack nucleation happens for loads below the fatigue limit of the material.



The first series of tests with a cylindrical contact involved was undertaken in the late 1960s by Nishioka and Hirakawa [3,30,31,32,33,34,35]; this set of studies was also the first comprehensive series of studies about fretting fatigue in general.



Firstly, they tested different shape shaft specimens on a rotating-bending machine in order to replicate a classical fretting situation. They used a special sensor (Figure 5b) in order to measure the relative displacement occurring at the interface between the shaft and hub when subjected to the bending moment.



In the first paper of the series [30], the existence of non-propagating fretting fatigue cracks is reported, suggesting that, although fretting may initiate and cause the initial growth of cracks, there may be combinations of parameters under which these cracks self-arrest. Another conclusion reached is that the amount of relative slip between the surfaces had an effect on the fatigue life. Further investigations [3,31] carried out by means of a new fretting fatigue fixture (Figure 6) made determination of the initiation site and direction of initial propagation possible. Cracks were found to start in a high stress region, next to the edge of the contact, and to propagate obliquely under the contact during the initial phase of growth. Another interesting observation was the increase in the coefficient of friction during the experiment from 0.2 to 0.67, with the maximum reached after 100 cycles.



The effect of the mean value of the alternating stress applied to the specimen on the fatigue life in fretting was also investigated [32]. They found that it had little effect on the initiation of cracks, but that a higher mean stress in the specimen reduced the fatigue life. Hence, fretting was seen to be a central factor in the formation of micro-cracks. The independence of this process from the alternating bulk stress within the specimen suggests that it was controlled by local stresses at the contact. The bulk stress played a significant role in the later stages of propagation just as in normal fatigue. The effect of slip amplitude was further investigated in the fifth paper [35] where they first demonstrated that, if a tangential force less than that necessary to cause sliding was applied, zones of micro-slip developed at both edges of contact. Furthermore, in this regime of partial slip, the tangential force and the amount of slip were dependent variables, so that a greater tangential force caused larger amounts of slip. The fatigue life was dependent on slip, but this effect could be explained purely in terms of the higher tangential force required and the consequent increase in local stresses. At very large values of slip, where full sliding took place, significant wear was again reported. In the sixth paper [33], Nishioka and Hirakawa investigated the effect of material hardness and of contact pressure. Hardness was found to have little effect on the fretting fatigue life, while increased contact pressure resulted in reduced life, but since their experiments were run at a constant slip amplitude, the increase in contact pressure simply allowed a higher tangential force to be sustained in full sliding and this was thought to be responsible for the reduction in life. In the latest work [34], they tried to improve the rotating bending fatigue strength of press-fitted assemblies by means of geometrical variations of the press-fitted portion. They ran a series of experiments on the rotating-bending machine, investigating the behaviour of five different specimens, shown in Figure 7. The type D specimen displayed the maximum increase in the fatigue limit. However, it was observed that the type B specimen had a 50% longer fatigue life than the type A specimen, and from previous work [30], the type C specimen was found to have a longer fatigue life than type A. The type E specimen was found to have the longest fatigue life when considering the reduction in fretting corrosion, as confirmed in later works [36,37].



In 1998, Hirakawa et al. [38] investigated various design expedients that could improve railway axles’ fatigue life. In particular, they found that adding a stress relief groove in electric passenger car axles could improve the fatigue life of the axle by up to 50% (Figure 8). They concluded that, in order to ensure the safety of the railway maintenance, inspections of fatigue cracks were still of critical importance and more investigation had to be carried out.



Another set of studies was carried out between 1999 and 2000 by Juuma [36,37]. He further investigated the effect of contact pressure, slip amplitude and geometry of the shaft and hub on the fretting fatigue limit of a S355J2 shaft-hub coupling. He divided the fatigue tests into two groups, for the first one, grooved hubs were used while, for the second one, plain hubs were used. A torsional vibration was applied to the two different types of specimen by means of the test rig showed in Figure 9.



In general, it was found that fretting fatigue life increased with increasing contact pressure because slip amplitude decreased and therefore no fretting would occur. For the same reason, the hub overhanging the shoulder of the filleted shaft was confirmed to increase fretting fatigue life. However, it was also highlighted that, beyond a certain level of contact pressure, no more improvement in terms of slip amplitude was observed in grooved hub specimens, and that failure would then occur due to normal fatigue. Both normal and fretting fatigue life limits were found to increase with the increasing of the fillet radius until a certain value at a constant diameter ratio for grooved hub specimens. For radiuses above said limit, specimens were found to fail due to fretting. Some of the results are reported in Figure 10.



A few years later, Gutkin and Alfredsson [23] presented a study on crack growth prediction on shrink-fit assemblies subjected to rotating bending. In order to retrieve the initial crack size and the final crack size to be used and compared with numerical data, an experimental campaign was carried out on shrink-fit specimens (Figure 11a) made of Swedish standard 2140 steel (tool steel). A numerical simulation using FEM (Figure 11b) was then developed, in order to evaluate the contributions of the fretting contact on crack growth, the computed stress cycle was also required as an input to the numerical routine. Another FE model (Figure 11c) was used to compute the Stress Intensity Factor (SIF) along the crack in order to compare it with those retrieved using the Three-Parameter Procedure (TPP) developed by Nilsson [39]. Linear Elastic Fracture Mechanics (LEFM) was assumed to be valid since it was found that as long as the size of the plastic zone at the crack tip is small, LEFM could be applied [40,41]. The TPP numerical routine was found to be an efficient tool: the predicted crack growth life was found to be slightly less than 50% of the total fretting life in experiments, leaving enough space for crack initiation (Figure 12). The exact life decrease, however, depended on contact pressure and the coefficient of friction. In the studied conditions, an increase in contact pressure, or an increase in the coefficient of friction, resulted in shorter fatigue crack growth life.



Lanoue et al. [42,43] investigated the effect of different mesh sizes and contact algorithms (Pure Penalty function, Augmented Lagrange, Normal Lagrange and Pure Lagrange were investigated) on the FE modeling of interference fitted assemblies. They replicated the type A specimen of Nishioka [35] (Figure 13). They observed that mesh refinement was a key point in achieving convergence, while all the contact algorithms that were used gave accurate results. Due improved computational efficiency, the authors recommended using the Augmented Lagrange algorithm.



During the last 10 years, other studies on railway axles have been carried out [25,44,45,46]. Linhart and Černý [44] investigated the behaviour of the axles made of different materials, specifically EA1N, EA4T and 34CrNiMo6 steel, in high-cycle fatigue conditions. These materials are considered to be standard materials for railway axles according to EN13261 and were also chosen for their very different strengths (from 586 MPa to 1041 MPa). Tests were carried out on a rotating bending machine using the shaft and hub specimens showed in Figure 14. Considering the fatigue limit evaluated at   5 ×   10  7    cycles, if no failure occurred, or the depth of the fretting cracks, if initiated, was considerably less than 1 mm, the fatigue limit of EA1N and EA4T steel shafts was found to be in the range between 100 and 120 MPa, and between 85 and 105 MPa, respectively. The fatigue limit of 34CrNiMo6 steel shafts was found to be in the range of 95–105 MPa. In spite of considerable differences in strength and alloying of tested bars, differences in the mean value of the fatigue limit were not significant Therefore, no significant increase in fatigue strength under press fit can be expected using a higher strength steel.



Between 2013 and 2014, Croccolo et al. [47,48] designed an ad hoc shaft-hub notched specimen in order to study the fatigue behavior of this type of joints with a scaled test. The particular specimen fatigue behaviour was confronted with the plain fatigue specimen’s ones. It was found that the fatigue behavior of the notched specimens was worse than the plain ones. The experimental fatigue stress concentration factor was therefore confronted with the one retrieved via FEA, and it was found to be significantly higher. This was explained with fretting fatigue concurring to crack initiation, and this hypothesis was confirmed with further metallurgical analysis [49]. At present, further work has been initiated, and the group is working on a new shaft-hub specimen (Figure 15) and analyzing the effect of fretting on the new specimen.



Song et al. [45] carried out a damage analysis on railway axles and ran small scale simulation tests on a rotating bending machine. The small specimens had a diameter of 10 mm. The materials tested were LZ50 for the axle and Class 60 for the wheel. Both are construction steels. The small-scale specimens’ behavior was in good agreement with the real axle ones. In both cases, the fretting fatigue crack initiated at the subsurface in correspondence to some inclusion cavities. The fretting cracks first propagated along an inclined angle controlled by the contact stresses, then they followed a somewhat radial path controlled by a combination of the contact stresses and the bulk fatigue stresses. It was, however, highlighted that a scale effect factor, even though hard to quantify without experimental parameters, should be considered for more accurate results.



Luke et al. [46] tried to give even more support to the development of a method that could be used to reduce the use of full-scale axle tests in favour of small-scale specimen tests. The schematics of the fixture used are showed in Figure 16, the tests were all run using EA4T steel for specimens and ER8 for the pads.



The load parameters, such as the stress amplitude, contact load and relative slip between the contact surfaces, were varied or selected to achieve conditions relevant for axles in service. Two-dimensional numerical analyses reproducing the fretting fatigue tests were also run in order to evaluate the possibility of using the following multiaxial fatigue parameters to predict possible material damage under fretting fatigue conditions:




	
  S W T =  σ  m a x   ·  ε a   , where    σ  m a x     is the maximum normal stress in one cycle on the critical plane and    ε a    is the normal strain amplitude on the critical plane [50];



	
  F S =   Δ γ  2    1 + α ·    σ  m a x      σ y       , where   Δ γ   is the maximum shear strain range,    σ  m a x     is the maximum normal stress in one cycle,    σ y    is the yield stress and  α  can be approximated to 0.5 [51].








The experimental results demonstrated that increasing the contact area facilitated fretting fatigue crack initiation, as was also previously said by Hills et al. [52]. It was also confirmed that a larger contact slip brought a higher probability of crack initiation for equal nominal external load. Both multiaxial parameters turned out to be helpful in the quantitative assessment of crack initiation under fretting fatigue.



More recently, a set of studies about the influence of wear on fretting fatigue has been carried out by Zhang et al. [53,54,55]. In the first study [53], they ran a series of interrupted rotating-bending fatigue tests on press-fitted shaft specimens (Figure 17). A three-dimensional finite element model with fretted wear scars was developed in order to simulate the interrupted specimens. In this way, they were able to study the evolution of surface damage and its influence on fretting fatigue by means of the multiaxial fatigue parameters SWT [50] and FS [51] jointly with a critical plane approach. The main conclusion was that wear shifted the crack initiation location from the contact edge to the inner area, causing the initiation life to increase accordingly. Therefore, it is concluded that wear should be taken into account when using critical plane approaches such as SWT and FS.



In [54], a finite element methodology that combined a wear model proposed by Fouvry et al. [56] and the critical plane SWT approach with a correction proposed by Ince et al. [57] was later proposed, since the classic SWT parameter could be non-conservative for cyclic loads involving large compressive mean stresses. It was concluded, as previously noted, that wear promoted the fretting crack initiation at the inner surface of the contact area because of large stress concentration near the fretted wear scar edge, whereas fretting wear significantly reduced fretting crack initiation at the contact edge by grinding off the surface material with fatigue damage, and by reducing the stress concentration there. In their latest work, [55], they applied the developed FE methodology on a press-fitted railway axle model (Figure 18), investigating in particular the influence of the stress relief groove. The numerical results were compared to experimental results retrieved from the literature, finding good agreement concerning the crack initiation location. It was also found that either the increase in groove depth or the decrease in groove radius could reduce the fretting wear and improve the fretting fatigue strength through relieving the stress concentration. It must be underlined, however, that increasing the groove depth or decreasing the groove radius above a certain limit increases the chances of developing conventional fatigue cracks on the groove itself.



Most Significant Results


To summarise, the most important results from the studies in this section are:




	
In fretting conditions, cracks develop near the edge of the contact area, corresponding to the peak contact stress. However, if fretting wear occurs, cracks have been reported to initiate at the inner surface of contact area because of peak stresses occurring at the edge of the wear scar. At the same time, fretting crack initiation at the contact edge is significantly reduced because of the cracks getting ground off;



	
A stress relief groove and, possibly, a hub overlap, increases fretting fatigue life. Mixed results have been reported about the influence of the groove radius. More experimental results are needed in order to define the benefits or disadvantages of increasing or decreasing the groove radius;



	
It was reported that no significant increase in fatigue strength under press fitting can be expected for high strength steels;



	
Use of fretting fatigue criteria such as the SWT and the FS criterion was found to be useful to identify the crack nucleation location. More research is needed in order to assess the use of these parameters;



	
Linear elastic fracture mechanics (LEFM) and TPP numerical routine proved to be efficient tools for the evaluation of the crack growth life.










3. Dovetail Joints


Dovetail joints are widely used in the aircraft propulsion field as a means of connecting the blades and disks of rotating turbines and compressors. Fretting fatigue design is of primary importance in the fan assembly and in the low-pressure stages of the compressor where the operating temperature is low enough to exclude creep damage. During the engine duty cycle, the contact area between the root of the blade and the disk experiences high levels of pressure and bulk stress while the two bodies are subjected to relative displacements, making it likely for the assembly to develop fretting fatigue damage.



A first set of specific studies and tests about fretting fatigue in dovetail joints has been carried out by Ruiz together with Boddington during the ‘80s [58,59,60,61]. They overcome the expensive and time-consuming spinning-disk tests by developing a new simple specimen consisting of a rectangular sheet modeling the disk, with three pair of blades jointed back-to-back to said sheet by means of dovetails, as shown in Figure 19 [58]. The specimen was loaded under biaxial tension in a fatigue testing machine in which two hydraulic actuators, acting on sheet and blades, respectively, were controlled to operate between any two independent loads, displacements or strains, in-phase or out-of-phase. The specimen was then tested [59] for a total of 28 tests, carried out for an applied load to the sheet in ranges of 2–20 kN, 4–40 kN and 4–80 kN. All specimens were crack detected by dye penetrants and photographed under UV light. The fatigue life corresponded to the instant when a crack became visible under the intense illumination of two 500 W lamps.



The materials tested were for the blades Fv 535 (X8CrCoNiMo10-6) and Incoloy 901 (NiFeCr12Mo), and for the sheet IMI 829 (Ti-6Al-4V) [62]. The results indicated that:




	
Increasing the sheet loading increased the width, roughness and depth of the fretted region;



	
For equal condition of loading and same material, fretting reduced fatigue life;



	
For equal condition of loading and material, frequency did not affect the fretting phenomenon.








In the same work, numerical analysis of the joint was carried out using a code previously developed by Boddington et al. [61]. Since cracks were initiating away from the point where the peak tangential stress occurred, they concluded that other parameters were to be considered, such as surface damage.



They consequently proposed a design parameter, “fretting damage” (FD), by multiplying the highest surface tangential stress with the maximum frictional work:


  F D =      σ T      m a x   ·     τ · δ     m a x    



(4)




where    σ T    is the highest surface tangential stress,       τ · δ     m a x     is the maximum frictional work,  τ  is the surface shear stress and  δ  is the relative slip. However, the parameter did not give any indication of the location of the crack. An alternative parameter was proposed:


  F F D =  σ T  · τ · δ  



(5)







This “fretting fatigue damage” (FFD) parameter reached its peak value next to the crack location regardless of loading. It was later reported, however, to predict the location of the crack but not to predict the number of cycles to crack initiation or crack growth [50]. Both the parameters are measured in      N 2     m 3     .



A single pair of back-to-back specimens was later tested and showed to provide satisfactory results [62].



Further experimental and numerical tests were run on dovetail geometry in 1994 by Papanikos and Meguid [63]. They compared different criteria to predict the direction of fatigue crack growth, concluding that the maximum–minimum principal stress criterion (MPS) [64] could reliably predict the general direction of the propagating cracks. Furthermore, they concluded that the crack growth rate under mixed-mode loading appeared to be rather lower than mode I loading.



A new testing rig was later designed by Hutson et al. [65] in 1999. In order to maximally simplify the geometries involved, they assumed that the bending moment induced by the dovetail geometry had no effect on the relative motion responsible for fretting fatigue damage. The test rig was composed of flat fretting pads, with a radius at the edge of contact, pressed against a flat specimen. The imposed normal and internal shear loads were reproduced in the test apparatus, as shown in Figure 20. The entire load applied to the specimen was transferred to the fixture by means of the fretting pads thus making the portion of the specimen beyond the contact area not subjected to bulk cyclic load.



They tested Ti-6Al-4V specimens, retrieving the fatigue stresses defined by the maximum stress corresponding to a constant life of     10  7    cycles and analyzing fracture surfaces of the failed specimens using SEM. They found that the apparatus successfully reproduced the fretting fatigue condition and that all the failures occurred near the edge of the contact.



Around the same period of time, Ciavarella and Demelio analysed the problem of a flat rounded contact which represents more accurately the case of the dovetail joint. They first gave analytical results for surface traction and interior stress field in dependence of the geometry of the rounded edges, as shown in Figure 21. They found that if the contact transmits tangential loads, the concentration of tensile stresses at the trailing edge of a sliding contact is shown to always be significantly higher than the flat-on-flat case, but the transition to the infinitely high stress concentration associated with a sharp-cornered flat punch was slow (Figure 22) [66].



They later tried to apply the analytical results to the evaluation of damage parameters [67]. They say that the FFD parameter, previously introduced by Ruiz [59], may not work for quantitative analysis, since it does not have a direct physical interpretation and since it is a hybrid approach which measures two competing processes by multiplying them arbitrarily with the same weight and at the same point. So, they focused on two other damage parameters: the slip amplitude δ and the frictional energy dissipation parameter D.



In particular, they found that under incipient full sliding, the following relationship is valid:


   δ  m a x   = f ·  g  m a x    



(6)




where  f  is the friction coefficient and    g  m a x     is the maximum gap of the unloaded profiles. Together with these results, they provided the analytical formulas in order to retrieve the contact area, therefore providing a simple mean to compare different geometries. They also provided the extension for the evaluation of frictional damage:


   D  m a x   = f     p  x  · g  x      m a x    



(7)




where   p  x    is the pressure distribution and   g  x    is the gap function. Frictional damage is shown to have a weak dependence on geometry. The extended formula of the energy damage is:


  D =  D 0  ·      c b     2  ·   x    x 2  − 1   − log   x +    x 2  − 1       ·   1 −  x 2       c b     2     



(8)




where they introduced the normalizing parameter    D 0  =  8 π  ·     f ·  p m     2  ·  A π  · b   which highlights the fact that the friction coefficient and the average pressure extremely affect fretting damage.    D 0    only depends on friction, contact pressure and general geometry of the indenter, making it easy to compare the damage produced for different contact locations.



They also pointed out how, based on their model, a smaller punch radius is expected to improve the fretting fatigue behavior, however, more studies were needed in order to define whether the benefit still holds true for a vanishing small radius.



In 2002 [68], they further revised the contact problem of the flat rounded punch using and developing the analytical results given by Ciavarella et al. [66]. A formula has been devised for estimating the peak value of the tangential stress    σ  b u l k    :


      σ  x x     b , 0   = 2 · f   ·  p  m a x   · k         1 +    σ  b u l k     4 · f ·  p  m a x        2  −   1 −    Q    f · P       −    σ  b u l k     d · f ·  p  m a x            +  σ  b u l k   +  σ  x x  P      



(9)







The formula holds true for Hertzian geometry and moderate bulk, whereas it is approximate for either non-Hertzian geometry or large bulk, but the error is limited to within a few percent except in extreme cases (very flat geometries, low    Q  f · P     and large bulk stresses).



In 2003, Fridrici et al. [69] conducted a series of experiments to determine the influence in terms of fretting damage of a Cu-Ni-In coating on Ti-6Al-4V, due to the poor tribological behavior of the titanium alloy used for fan blades. Schematics of the used rig are shown in Figure 23.



They mainly investigated the behavior of the coating in a fretting wear regime, but they found that the Cu-Ni-In coating reduced the length of the cracks observed on the counterbody in Ti-6Al-4V and that for different normal forces, the sliding amplitude could be taken as a unique experimental parameter to determine the domain in which cracks initiated.



In 2004, Conner et al. [70] tried to estimate the fretting fatigue life of several contact geometries, including a dovetail joint geometry, by using the crack analogue model [71]. Reasonable agreement was found between experiments and predicted life (Figure 24). It was pointed out, however, that the state of the material ahead of the crack or at the contact surface was different to the actual contact body and the crack analogue model body. Although it has been shown that the stress fields near the crack were identical, the fretting model did not show microstructural damage that would have developed in the real crack case. Therefore, a valid application of the model requires confirmation of conditions of small scale yielding in the contact region of interest. In particular, for more complex contact geometries, such as dovetail joints, it is necessary to determine point or line contact loads by numerical methods.



They later developed a dovetail fixture (Figure 25) [72] so that cyclic, normal and tangential loads could be applied to the specimen. They tested several specimens in combination with several contact pads and different loads. They found that the short flat pad required the least load at a load ratio R = 0.1 to cause failure at 106 cycles.



They found that the application of the coating provided resistance to fretting fatigue crack initiation, probably because of the reduction in the coefficient of friction, and therefore reducing contact stresses. It resulted in an increase of nearly 25% of the baseline R = 0.1 loads to cause failure at 106 cycles.



Low plasticity burnishing was also shown to mitigate fretting fatigue damage, due to the compressive residual stresses which inhibit the nucleation of a crack or slow down the growth of fretting fatigue cracks by reducing the opening stresses during the fatigue cycle. In this case, an increase of 50% of the baseline R = 0.1 loads is required to propagate cracks to failure at 106 cycles.
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Figure 25. A schematic drawing of the dovetail fixture developed by Conner and Nicholas [72]. 
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Meanwhile, in 2004, Murthy et al. [73] again approached the problem of pressure distribution evaluation in a contact between two generic surfaces using the single integral equations (SIE) already solved by Ciavarella. They further demonstrated the capability of the analytical model to analyze complicated load histories by testing it using a sample load history. They also evaluated subsurface stresses using this approach, successfully predicting the failure lives of fretting fatigue specimens.



A set of studies on dovetail joints was conducted between 2005 and 2009 at the Air Force Research Laboratory of Wright-Patterson, Ohio, USA. They tried to correlate contact stresses with the contact surface damage by developing a hybrid analytical and numerical process, supporting it with experimental results. They first ran experimental tests on a testing rig similar to the one developed by Conner and Nicholas [72] (Figure 25), using three different dovetail specimen geometries with different angles in order to investigate the effect of the angle on the fretting fatigue results. They still assumed that the dovetail was symmetric, and that the moment was negligible. They observed that for low R (R = 0.1), the specimen experienced gross slip for several thousand cycles until the average coefficient of friction increased. For higher R (R = 0.5) there was no initial gross slip. The test results showed little difference in terms of fatigue life between the three different angles, even though quite different contact loads were retrieved for the same remote load and life [74].



They then performed a finite element analysis of the dovetail fixture. Both coarse and refined meshes were used in order to capture the stress peaks at the edge of contact as accurately as practical. The singular integral equation (SIE) method was then applied using the output of the coarse finite element mesh and compared to results obtained using the fine mesh. They also analysed each of the two components using FEM in order to retrieve contact stresses. The results from these analyses were then used as inputs for the SIE method to determine the stresses at the contact edge. Such stresses were then used to determine the SWT [50] parameter, and the results were compared to a microscopic examination of the wear surfaces.



They observed the following:




	
a rough correlation between the SWT parameter and contact damage appeared to exist;



	
contact stress values appeared to be strongly dependent on the coefficient of friction;



	
the stress gradient died out at approximately the same depth for all gradients. This is significant because if this occurs for a wide range of geometries and frictional values, the bulk contact stress can be used to determine the likelihood of crack growth, given that contact stresses will initiate a crack to that depth [75].








In a subsequent work, they applied fracture mechanics life prediction methodology to evaluate its capability for predicting the performance of dovetail joints, by comparison again with experimental results [76]. They firstly used the same hybrid approach from the previous work to predict contact loads and bulk stresses, while the local contact stresses were evaluated for each SIE (singular integral equation) with the software CAPRI [73], as it was less time consuming than using a converged FEM solution for each case. It was found that the fracture mechanics crack growth predictions performed very well on this set of experiments (Figure 26). Furthermore, it was demonstrated that the potential exists for a crack to grow and arrest under fretting conditions due to a decreasing crack growth rate as the crack grows out of the local contact stress field. Finally, it was also demonstrated that the choice of initial crack depth, up to 100 μm, had little effect on life predictions due to the high initial crack growth rates.



They then tested various palliatives applied to Ti-6Al-4V specimens in order to determine their contribution to improving fretting fatigue life, as already studied by Conner and Nicholas [72]. In agreement with the previous work, they observed that low friction coatings such as Diamond Like Carbon (DLC) increased the number of cycles needed to nucleate a crack by reducing the magnitude of the applied loading, whereas surface processing inducing compressive residual stresses (low plasticity burnishing—LPB and laser shock processing—LSP) reduced the intensity factor range resulting in either retarded crack growth or crack arrest. In spite of that, they also found that these surface treatments did not eliminate the nucleation of fretting cracks, and also that a conjunctive use of both types of palliatives brought longer life to the specimen than the one without palliatives but with a very reduced life length compared to the only DLC or only LPB/LSP specimens (Figure 27) [77]. Thus, it is not recommended to use both palliatives.



They also run a set of experiments on Ti-6Al-4V specimens using three different fixtures already used in previous investigations, here called fixture A [65], B [78] and C [72]. Fixture A (Figure 28a) was used more appropriately to test longer contact lengths, while fixture B (Figure 28b) and C (Figure 28c) were used to reproduce contact regions with shorter flat lengths and cylindrical pad geometries. No gross slip occurred in fixture A tests: this is noticeable because the presence of wear damage might hide the presence of other damage mechanisms. In fixtures A and B, a step-loading procedure was performed for the tests: a certain known value of bulk stress was first selected so that the specimen would undergo a chosen number of cycles without fracturing. Then the bulk stress was increased by a small percentage and the block of cycles repeated. The process was repeated until fracture occurred and the fatigue limit strength could be interpolated. This step-loading procedure was not applied to fixture C tests, but the stress-life fatigue lives results were similar to those selected for fixture A and B tests. In order to evaluate the stress fields for the different loading conditions, finite element and numerical contact mechanics analyses run with software CAPRI were used, whereas fracture mechanics and a stress-life approach were used to assess the experimental results. It was found that fixture A and B results for the fretting fatigue limit correlated well with the stress-life parameter, explainable with the use of thin specimens compared to contact size and the presence of higher subsurface stress. For similar total lives in the range of 106 to 107 cycles, the stress intensity factor fields were shown to be different for each fixture; it was suggested to compute the fracture mechanics driving force for each fixture and to compare it with the stress intensity factor field threshold. In particular, fixture A and B were found to produce stress conditions where any crack that nucleated would continue to propagate and were, therefore, loads that could be related to a criterion for crack nucleation. Fixture C instead showed a stress intensity factor field that allowed for cracks to nucleate and arrest until the load required to exceed the long crack growth threshold was surpassed. Thus, the load causing failure in this case related to the threshold stress intensity factor range and not to a nucleation criterion. It can be concluded that the comparison between three fixtures highlights that a simple fracture mechanics model is not sufficient to explain all the experimental results [79].



Lastly, they tried to develop a new fixture (Figure 29) for fretting fatigue testing at high temperatures. The new fixture was based on the previously used dovetail fixture, with the addition of:




	
two load cells in order to be able to directly measure the contact forces applied to the specimen;



	
the heating elements capable of simulating the temperature conditions in the attachment region of the turbine rotor.








They tested specimens made of nickel-based superalloy René 88DT while the fretting pads were made of crystal nickel-based alloy René N5. They found that the contact force measurement was dependent on a parameter that has not been fully validated yet. They also found a strong dependence on the symmetry of the system that can be adjusted by means of a set of screws, and measured by means of the load cells, but the influence of it on the contact force calculations has also not been validated. They concluded, however, that it could be observed that the specimens failed at the expected location and that fretting scars appeared as expected. Moreover, they validated the use of the temperature system, as it effectively controlled the temperature of the specimen. Further testing is needed in order to study the sources of variability [80].
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Figure 29. Schematic drawing of the high temperature dovetail fretting fatigue fixture [80]. Reprinted with permission from Ref. [80]. Copyright 2022 Elsevier. 
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In 2011, Anandavel and Prakash [81] studied the influence of three-dimensional loading and of the skew angle in a dovetail joint by means of a FE three dimensional model. The geometries considered are shown in Figure 30. The loads considered are shown in Figure 31, in particular, they considered the centrifugal force Fmr (constant when the blade is rotating at constant angular velocity), the aerodynamic force Fp (resulting in axial and tangential force components, cyclic in nature at a constant angular velocity of the rotor) and the moments produced by the eccentricity of pressure with respect to CG (MXG, MYG, MZG). The material taken into consideration was an aero engine Ti-alloy, with a Young Modulus of 110 GPa, Poisson’s ratio of 0.3 and density equal to 4500 kg/m3. They first carried out an analysis for both the geometries applying just the angular velocity in order to understand the skew effect of the dovetail interface. They then carried out an analysis for each different force acting on the dovetail, another analysis with the application of both centrifugal force and aerodynamic force, and, lastly, an analysis in which all the loads were applied at the same time. They concluded that the skew effect increases the peak contact pressure and slip by a factor of two compared to a straight dovetail slot. This happens because the skew angle generated an additional moment. The skew effect also tends to shift the pressure distribution peak to the lower contact edge, compared to the peak line contact loading obtained from a straight dovetail. The distributions of other contact variables were also found to be considerably different. On the loaded skewed geometry blade, the contact pressure, slip and surface stresses were found to be significantly higher.



In a subsequent work [82], they tried to extend and validate the Ruiz criterion in order to evaluate the 3D fretting fatigue damage parameter (FFDP). Since three dimensional problems present slip in two directions and six stress components at the interface, they approached the problem in two ways:




	
Summation approach: this approach considered the summation of the FFDP evaluated for two slip directions;



	
Maximum principal-shear stress: this approach considered the use of maximum principal stress in place of    σ T    and the replacement of shear stress  τ  with maximum shear stress considering all the stress components. The formula would then become:










  F F D  P  3 D   =  σ 1  ·  τ  m a x   ·  δ  r e s    



(10)




where    σ 1    is the maximum principal stress,    τ  m a x     is the maximum shear stress and    δ  r e s     is the resultant of slip in the two directions.



They evaluated the FFDP both ways using the FEM model developed for the previous work, and concluded that the FFDP estimation from maximum principal-shear stress approach was more appropriate for three dimensional problems, and that it can be used to identify the fretting fatigue critical location, even though experimental validation of these approaches was strongly suggested.



In 2014, Jayaprakash and Mutoh [83] used the previously developed [84] tangential stress range—compressive stress range (TSR-CSR) generalized diagram (Figure 32) in order to predict the fretting fatigue strength of a dovetail joint. In Figure 32, the normalization equation is reported where NTS is the normalized tangential stress range with respect to the tensile strength, NCS is the normalized compressive stress range with respect to the tensile strength, and 0.28 is the critical stress parameter (CSP) at a fatigue limit of 107 cycles.



For each applied cyclic load, the tangential stress range (TSR) and compressive stress range (CSR) were retrieved by means of a FE model, then they were normalized in order to retrieve NTS and NCS. The generalized TSR-CSR diagram could then be used to predict which cyclic load will be critical for fretting fatigue failure.



To validate the use of this diagram for dovetail joints, they ran experimental tests on a specimen that was geometrically identical to the one used in the FEA. The results are shown in Figure 33, and it can be seen (Figure 33b) that the predicted limit value is in good agreement with the limit value retrieved from the experimental data. It must be highlighted that this general TSR-CSR diagram just used for steels. For other types of materials, the diagram has to be obtained.



In 2015, Da-Sheng et al. [18] studied the possibility of carrying out a 2D FE analysis on dovetail joints in order to retrieve contact stresses considering the plastic behavior of the material. A viscoplastic constitutive model of the Ti-6Al-4V alloy based on the Chaboche theory [85] was used. The results retrieved in terms of stresses along the contact surface and in the depth direction showed that the cyclic stress characteristics were not the same for different nodes. It was suggested that these differences add complexity to identifying the right parameters to be taken into consideration when designing for fretting fatigue and, therefore, that plasticity behavior should be considered when evaluating contact stresses.



A year later, they conducted an experimental and numerical study on a circular arc Ti-6Al-4V dovetail specimen (Figure 34) in order to investigate its fretting fatigue behavior at three different loading levels [86]. The experimental data in terms of fretting fatigue life were compared with predicted life evaluated by using the multiaxial SWT-critical plane criterion as the contact zone was subjected to a multiaxial stress state ([2,87,88]).



They compared the results obtained through:




	
traditional SWT parameter (  S W T =  σ  m a x   ·  ε a    where    σ  m a x     is the maximum normal stress in one cycle on the critical plane and    ε a    is the normal strain amplitude on the critical plane [50]);



	
averaging SWT introducing a weight function since it was reported that crack initiation parameters (such as SWT) provided conservative life predictions in the case of high stress gradients. The averaged SWT parameter is expressed as follows:










  S W  T  g r a d   =  1 W  × S W T  



(11)




where   W = f     ∇ S W T  ¯    = 1 +  ∑  i = 1  m   a i  ·       ∇ S W T  ¯     i    is the weight function used,    a i    is a constant which can be fitted by the least squares method with experimental results,     ∇ S W T  ¯  =   Δ S W T  d  =   S W  T  m a x      Y ′  = 0   − S W T    Y ′  = d    d    is the mean gradient of SWT,  d  is defined as the distance between the contact surface and the point where the local gradient reduces to zero (in this case   d = 64    μ m   ). For further description of the equation see [86].



The results (presented in Figure 35) showed that introducing the weight function greatly enhanced the life prediction accuracy (especially choosing   m = 2  ).



In 2017, Yang et al. [89] investigated the effect of shot-peening treatment on a Ti-6Al-4V dovetail joint. They tested both shot-peened (SP) specimens and “as-received” (AR) specimens, bringing them to failure, applying an average loading value of 5.5 kN, an amplitude value of 4.5 kN, a stress ratio of 0.1, and a sinusoidal wave of 10Hz frequency. The fixture used is showed in Figure 36.



Observations of the fretting area and fretting cracks were conducted using a scanning electron microscope (SEM). They observed that the shot-peening treatment increased the fretting fatigue life of the specimens by 100% (from an average of 189,574 cycles to an average 379,646 cycles) as shown in Figure 37.



The explanation given was that shot-peening acted both on the resistance to initiation of cracks (by inducing a surface strain-hardening layer that increases the local yield strength) and on the inhibition of crack propagation (by inducing residual compressive stress on the surface layer).



Recently, Mangardich et al. [90] conducted an interesting numerical study on Ti-6Al-4 V dovetail joint models in order to compare results given by the use of either the SWT parameter nucleation model or the modified SWT parameter nucleation model introduced by Ding et al. [91]. The main difference between the two models is that the second one takes into account the effect of frictional wear:


  S W  T  m o d   =  σ  m a x   ·  ε a  ·  D  f r e t    



(12)




with


   D  f r e t   =     1 + τ δ    m  ·     1 −   τ δ       τ δ     t h        n   



(13)




being the damage associated with frictional wear, and       τ δ     t h     being the frictional work threshold above which fretting wear damage is predominant with respect to fretting fatigue damage. They observed that the modified SWT model was more precise in terms of the nucleation zone prediction with respect to the plain SWT model. It also predicted a fretting fatigue life identical to test results: nonetheless, a single calibration point was used. It was therefore highlighted that this approach has to be further tested for different loading conditions and dovetail attachments in order to be fully validated.



Most Significant Results


The most important results from the studies in this section may be summarized as:




	
Different dovetail skew angles were not found to substantially influence fretting fatigue life;



	
Coatings and shot-peening were found to be effective for raising the resistance to fretting fatigue crack initiation. More types of coatings should be tested in order to give better guidelines;



	
Analytical studies indicate that smaller punch radiuses are expected to improve fretting fatigue behaviour, but it was highlighted that the effect of vanishing small radiuses is unknown and therefore that research on the matter is needed;



	
The Ruiz criterion successfully located the initiation location, but it was highlighted that the parameters used by Ruiz do not have a direct physical interpretation and, therefore, are not generally suitable for quantitative analyses. Other parameters have been mathematically developed, although validation on different geometries is currently lacking;



	
The use of the SWT criterion, especially in its weighted variant [86] and modified variant [91] were found to be able to successfully predict crack nucleation site on specimens. The modified variants also successfully predicted the fretting fatigue life of specimens. However, it was highlighted that these approaches must be further tested under different loading conditions in order to be fully validated;



	
The TSR-CSR diagram was found to be a useful tool for the prediction of fretting fatigue failure, even though it is different for every material, and so it has to be retrieved for each material tested or used;



	
The linear elastic fracture mechanics (LEFM) approach was also found to be generally a good tool for the evaluation and prediction of crack growth lives;










4. Bolted Joints


As it is widely known, a huge amount of structural parts are fastened with bolts and rivets, as they are able to resist high levels of structural loads, allowing different materials to be joined and (for bolts) allowing for joint disassembly. These mechanical components are particularly subjected to a high stress raise due to the presence of geometrical discontinuities at holes and therefore to fatigue crack initiation. Moreover, bolted joints might suffer from fretting fatigue damages occurring at the contacting surfaces of the joint, due to the very small relative displacements occurring between the bodies.



The first study on fretting fatigue damage in bolted joints was conducted by Sandifer in 1973 [92]. He carried out a series of tests on an aluminum 2024-T3 double lap joint specimen (Figure 38) aiming at developing design methods in order to reduce fretting on the joint. The connection has been tested by inserting different materials at the interface, and it was concluded that shot-peening and bonding the surface would bring an improvement both in fatigue life and fretting reduction. However, application constraints require the parts to be easily dismountable, and therefore bonding would be a limitation.



In 2009, Wagle and Kato [93] ran a series of experiments again on aluminium alloy plates 2024-T3 in order to investigate the effect of tightening torque on fretting. Two different specimens were tested (Figure 39): the bolt hole specimen was tested by applying load at one of the bolt hole edges by means of a steel pin, while, on the bolted specimen, the load was applied by clamping the edges of the specimen to a press.



They observed three different mechanisms of failure depending on the tightening torque and the stress amplitude as shown in Figure 40. For low tightening torque values, traditional mechanical fatigue damage occurred (MF), for medium range tightening torque values, fretting wear damage occurred (FW), and for high tightening torque values, fretting fatigue (FF) occurred. In general, the fatigue life increased with an increasing tightening torque for the MF and FW ranges, while the contrary is true for the FF range.



During the same year, Zografos et al. [94] developed a 2D analytical model of the bolted connection in a wheel set up for a “cornering test” (Figure 41), to characterize the macroscopic behaviour of the joint and to predict the contact stresses at the interface. They divided the overall investigation into three levels:




	
Evaluation of the general response of the bolted joint when rotating bending and other remote loading conditions are applied (macroscopic response—level 1);



	
Evaluation of the contact traction at the interface between the parts in contact (contact interactions and interface characterisation—level 2);



	
Evaluation of the full stress field near the critical damage areas (stress field or local response—level 3).








The full method flowchart is shown in Figure 42.
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Figure 41. Cornering test apparatus [94]. Reprinted with permission from Ref. [94]. Copyright 2022 Elsevier. 






Figure 41. Cornering test apparatus [94]. Reprinted with permission from Ref. [94]. Copyright 2022 Elsevier.
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Figure 42. Model flow chart [94]. Reprinted with permission from Ref. [94]. Copyright 2022 Elsevier. 






Figure 42. Model flow chart [94]. Reprinted with permission from Ref. [94]. Copyright 2022 Elsevier.
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The model correctly predicted the macroscopic behaviour and the local contact interactions, even though this model alone does not give enough information to be able to produce a direct assessment of an assembly. The study highlighted the importance of many parameters, such as the distance of the bolts from the hub outer diameter, the bolt preload and the equivalent bolt spring stiffness. It is suggested that a multi-variable parametric study is necessary in order to correctly design this type of connection. This work did not contemplate frictional contact, which might be implemented in the model.



A couple of years later, Jayaprakash et al. [95] investigated the possibility of predicting the fretting fatigue life of an S355mc (hot rolled low-alloy steel) automotive bolted joint using the tangential stress range (TSR)-compressive stress range (CSR) diagram previously developed by them [84,96].



They first carried out a series of fatigue tests on the joint and they investigated the effect of the presence of a groove at the contact edge (Figure 43).



They then retrieved the TSR-CSR diagram by testing conventional laboratory-type S355mc specimens on a bridge-type fretting fatigue test rig. The maximum value of the tangential stress range and the value of the compressive stress range corresponding to the point of maximum tangential stress range were retrieved by using a FEA model (Figure 44).



They observed that introducing a groove at the contact edge improved the fretting fatigue life of the joint, the deeper the groove the higher the fretting fatigue strength retrieved. They found a linear relationship between TSR and CSR at each fretting fatigue life in the laboratory type specimen, which gave a fretting fatigue failure criterion: failure will not occur when the combination of TSR and CSR is below the line.



The data point retrieved from the bolted specimens agreed with the TSR-CSR diagram retrieved by testing the laboratory type specimens (Figure 45). Therefore, it is implied that the TSR-CSR diagram can be used as a fretting fatigue design curve.



Chakherlou et al. [19,97] carried out an experimental and numerical investigation in order to study the bolt clamping force and friction coefficient influence on the fretting fatigue behaviour of a 2024-T3 aluminium alloy double shear lap joint. They first run a series of fretting fatigue tests at three different values of tightening torques (0.25 Nm, 2 Nm and 4 Nm) on the specimen showed in Figure 46a. Tests were run with and without lubricant applied between the plates. Tests with the application of clearance fit pins instead of bolts were also run, in order to compare the results with the specimens tightened with the lowest tightening torque.



Later, FE simulations were performed in order to retrieve the stress distribution on the mating surfaces, and to further study the trends observed in fatigue tests and fatigue crack initiation location. The 3D model used is showed in Figure 47.



It was again observed and further confirmed that, generally, increasing the tightening torque or clamping force of the joint improves fatigue life. This is because the tightening torque induces compressive tangential pre-stress around the hole. Low tightened specimens showed not much fatigue life improvement with respect to clearance fitted pin specimens; this was also highlighted by the FE simulations that reported a very similar stress distribution between the two models. Lubrication between the plates was reported to actually diminish the fatigue life, unlike previously reported [92].



Around the same time, Eriten et al. [98] designed a fretting fixture for the testing of mechanical lap joints (Figure 48). The fixture uses a piezo actuator (PZT in the picture) that imposed the fretting motion, while the tri-axial load cell measured the tangential force and the possible misalignment forces.



The laser nanosensor (LNS in the picture) measures the relative motion between the mating surfaces. One very important aspect of this fixture design is that no post-processing and filtering is needed to obtain the fretting response.



In 2012, Benhamena et al. [100] first used a material response fretting map (MRFM) in order to describe the fretting behaviour of a bolted joint specimen. In the first part of the work, an experimental investigation on 5086H24 (work hardened by rolling, and then annealed to half hard) aluminium alloy plates was presented. The testing apparatus is shown in Figure 49. They tested the joint with six selected levels of contact force (0 kN, 4 kN, 6 kN, 8 kN, 10 kN and 12 kN).



Besides the recurring observation that a higher tightening torque improved the fretting fatigue behaviour of the joint, the SEM observations highlighted that with increasing contact forces, the site of crack initiation would vary from the edge of the hole to the border of the contact.



In order to visually describe and analyse the different experimental conditions, they built a MRFM (shown in Figure 50) that highlighted how the mechanism of fretting fatigue not only depended on local stress but also strongly depended on relative displacement. The three areas shown in the map described the different behaviours of the specimens for different combinations of contact stresses and relative displacements: the cracking area of the graph indicates the fretting fatigue damage area, while the wearing area indicated the fretting wear damage area.



In the same year, Oskouei and Ibrahim [101] conducted a study on the fretting fatigue behaviour of Ni-P coated Al 7075-T6 bolted plates. They tested double-lap bolted joint specimens (shown in Figure 51) at different tightening torques (5 Nm and 8 Nm) both uncoated and coated (thickness of approximately 40 μm).



The behaviour of the joints was found to be strongly dependent on both applied tightening torque and maximum alternating load. They reported that the application of Ni-P coatings successfully protected the specimen against fretting fatigue, improving their life by 30–40% in the case of a tightening torque equal to 5 Nm and by 50–60% in the case of a tightening torque of 8 Nm (Figure 52).



In 2015, Ferjaoui et al. [102] developed a numerical–analytical model that could help analyze the crack initiation phase and predict the crack initiation lifetime of double bolted lap joints. They run experimental tests on double lap bolted specimens (Figure 53), following the ASTM E2789-10 standard [103], using identical Al 2024-T3 plates at different external axial loading conditions (14 kN, 16 kN, 18 kN and 20 kN).



They then run an FE analysis (the model is shown in Figure 54) on ABAQUS in order to develop a tool to estimate fretting fatigue crack initiation lifetime. The analyses also provided information in terms of local relative slip and stress distributions that would not be possible to retrieve from the experimental tests. Again, the importance of slip amplitude with respect to fretting fatigue life was underlined.



They then applied a continuum damage mechanics (CDM) approach in conjunction with FEA in order to determine the crack initiation lifetime of the double bolted lap joint. An uncoupled damage evolution law was derived for high cycle fatigue, and further explanation of the analytical model used can be found in the paper [102].



Figure 55 shows the comparison between the data retrieved from the experimental campaign and the predicted results. A good agreement between the two results can be noted.



More recently, an investigation of fretting fatigue behaviour in high strength steel S500MC was conducted by Jiménez-Peña et al. [104]. A series of experimental tests was carried out on single lap bolted joint specimens, using different pre-tension levels (200 Nm, 300 Nm and 350 Nm) and applying different axial loads (30 kN, 35 kN, 40 kN and 50 kN). The test apparatus is shown in Figure 56.



Again, it was observed that an increase in pre-tension force significantly improved the fatigue life of the connection. A representative 3D-FEA model (Figure 57a) was built in order to study four different fretting fatigue criteria: the SWT criterion [50], the Fatemi-Socie (FS) criterion (  F S =   Δ γ  2    1 + α ·    σ  m a x      σ y        where   Δ γ   is the maximum shear strain range,    σ  m a x     is the maximum normal stress in one cycle,    σ y    is the yield stress and  α  can be approximated to 0.5 [51]), the Crossland [105] criterion and the Ruiz criterion [59]. All the criteria showed similar results in terms of crack nucleation location (as shown in Figure 58), though only the Ruiz criterion was able to follow the beneficial effect of the tightening torque (FFDP diminished as the tightening torque increased). This is probably because the other three parameters need to be correlated with the relative slip amplitude occurring, since it has been proven to be determinant in influencing the fretting behaviour of joints [106].



In a subsequent work [107], they developed and validated two simplified FE models aiming at saving computational time. The two models are showed in Figure 57a,b. Both simplified models turned out to accurately predict the material fretting response, and were therefore validated (Figure 59a). It was evaluated that using the shell equivalent model saved up to 97.1% of computational time (Figure 59b).



Over the last few years, Mäntylä et al. [108,109,110,111,112,113] kept on researching the subject of fretting fatigue. In particular, they developed a contact model that takes into consideration the evolution of the local coefficient of friction and of wear under fretting conditions in bolted joints. The contact model can be integrated in FEM software by introducing a subroutine. The subroutine includes both the local friction evolution (by evaluating the frictional energy dissipation) and wear (by implementing Archard’s equation) modeling. It was pointed out, however, that despite giving an estimation of the contact loosening and eventual failure, the model is very conservative due to the fact that Archard’s wear model does not consider the wear particle entrapment inside the contact.
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Figure 59. (a) Predicted fretting fatigue life results of the various numerical models compared to the experimental results and (b) saved computational time [107]. Reprinted with permission from Ref. [109]. Copyright 2022 Elsevier. 
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[image: Lubricants 10 00053 g059]





Most Significant Results


The analysis of bolted joints studies draws some important conclusions:




	
In fretting contact conditions, increasing the tightening torque is generally a good approach for improving fretting fatigue life. This is explicable with the consequent lowering of sliding happening in the contact area;



	
It has also been highlighted that, for low tightening torques, fretting fatigue does not occur. This can be visually explained by means of fretting maps, like the one used by Benhamena et al. [100]. It has been found that for low contact loads, and regardless of high or even very low slipping, fretting fatigue might not occur. For more information about fretting maps, please refer to [108,114,115,116];



	
Bonding the mating surfaces does improve fatigue life, but is a limitation affecting the disassembly of the joint;



	
Use of fretting fatigue criteria such as the SWT, the FS and the Ruiz criterion was found to be useful to identify the crack nucleation location. More research is needed in order to assess the use of these parameters;



	
Applying Ni-P coatings was proven to improve fretting fatigue life;



	
Applying lubrication between the contact surfaces has been reported to have mixed results. The results may arise from different initial experimental conditions. More studies need to be carried out, in order to assess more clearly the advantages and disadvantages of the use of lubricants;



	
The TSR-CSR diagram was found to be a useful tool for the prediction of fretting fatigue failure also for bolted joints.










5. Conclusions


This review aimed at giving a comprehensive insight into fretting fatigue practical problems and solutions up until the present. However, it is by no means complete: it is very clear how solutions and evidence are sometimes not univocal, and are sometimes even in contrast with each other. In general, it can be concluded that:




	
Under fretting conditions, cracks develop near the edge of the contact area, corresponding to the peak contact stress. However, if fretting wear occurs, cracks have been reported to initiate at the inner surface of contact area because of peak stresses occurring at the edge of the wear scar. At the same time, fretting crack initiation at the contact edge is significantly reduced because of the cracks getting ground off;



	
Relative slip and contact pressure are fundamental parameters that directly influence, together with wear, the local stress–strain contact state. Therefore, evaluating the joint action of these parameters is important for predicting the macroscopic behavior of the joint, as different combinations can lead either to an improvement or a deterioration of fretting fatigue life;



	
Multiaxial fatigue parameters used with the critical plane approach (as SWT and FS) appear to be helpful in locating fretting fatigue crack initiation location for all kind of joints. However, the total predicted life is strongly influenced by the choice of the initial crack length, which is arbitrary;



	
The TSR-CSR diagram was found to be a useful tool for the prediction of fretting fatigue failure both in dovetail and bolted joints. Research for the application of this criterion on press-fitted shaft/hub joints is lacking, however, and is therefore needed. It must also be highlighted that the TSR-CSR diagram is different for each material and so it must be retrieved for any new, used or tested material;



	
The application of the linear elastic fracture mechanics (LEFM) approach was also found to be optimal for the evaluation and prediction of crack growth lives for all the joints covered in this review;



	
Coatings and shot-peening were found to be effective for raising the resistance to fretting fatigue crack initiation. More types of coatings should be tested, however, since the results refer to a very limited group of treatments; fretting maps are also very useful and easy to read tools that can give a visual and immediate description of the fretting regime (or lack of) occurring in the joint.








The research paths and main results have been presented but, as previously highlighted, further research for the validation of all the identified criteria is still needed, since no complete and universal description of the effects of fretting and design method has been produced.
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Figure 1. Contact configuration for Hertz theory, with normal contact pressure distribution. 
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Figure 3. Contact configuration for Nowel–Hills solution with normal and tangential contact load distribution. 
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Figure 4. Scientific studies categories. 
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Figure 5. Schematics of the fretting fatigue test: (a) schematics of the load applied to the shaft-hub coupling; (b) relative slip measurement sensor; (c) schematics of the shaft-hub and sensor assembly before and (d) after applying the load [30]. 
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Figure 6. Fretting fatigue testing machine [31]. 
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Figure 7. (A) Type A, (B) type B, (C) Type C, (D) Type D and (E) Type E shaft-hub specimens used by Nishioka and Hirakawa [34]. 
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Figure 8. Effect of stress relief groove on fretting fatigue life of the axle. Reprinted with permission from Ref. [38]. Copyright 2022 Elsevier. 
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Figure 9. Schematic drawing of the test rig used by Juuma [36]. Reprinted with permission from Ref. [36]. Copyright 2022 Elsevier. 
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Figure 10. Experimental results obtained: (a) effect of contact pressure and fillet radius and (b) effect of slip amplitude and fillet radius on fatigue failure with a grooved hub [36]. Reprinted with permission from Ref. [36]. Copyright 2022 Elsevier. 
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Figure 11. (a) Specimen, (b) general FEA model and (c) crack growth FEA model used by Gutkin and Alfredsson Reprinted with permission from Ref. [23]. Copyright 2022 Elsevier. 
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Figure 12. Radial press-fit grip-ultimate number of cycles. Experimental results include both crack initiation and propagation life, whereas the numerical results only contain crack propagation to failure Reprinted with permission from Ref. [23]. Copyright 2022 Elsevier. 
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Figure 13. FE model used by Lanoue et al. [42]. Reprinted with permission from Ref. [42]. Copyright 2022 Elsevier. 






Figure 13. FE model used by Lanoue et al. [42]. Reprinted with permission from Ref. [42]. Copyright 2022 Elsevier.



[image: Lubricants 10 00053 g013]







[image: Lubricants 10 00053 g014 550] 





Figure 14. (a) Shaft and (b) hub specimens used by Linhart and Černý, with (c) comparison of the fatigue tests results [44]. Reprinted with permission from Ref. [44]. Copyright 2022 Elsevier. 
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Figure 15. Evolution of the shaft-hub specimens designed by Croccolo et al. [48]. 
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Figure 16. (a) Schematics of the fretting fatigue apparatus [49] and (b) comparison of the fatigue parameters SWT and FS for two different specimens Reprinted with permission from Ref. [46]. Copyright 2022 Elsevier. 
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Figure 17. Schematics of the fretting fatigue apparatus. Reprinted with permission from Ref. [53]. Copyright 2022 Elsevier. 
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Figure 18. FE model used: (a) overview, (b) detail of the contact between wheel seat and wheel hub and (c) detail of the contact between wheel and rail [55]. Reprinted with permission from Ref. [55]. Copyright 2022 Elsevier. 
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Figure 19. General arrangement of (a) test piece and (b) dovetail profile. Reprinted with permission from Ref. [59]. Copyright 2022 Springer Nature. 
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Figure 20. (a) Representation of test configuration designed to simulate blade root loading condition and (b) Test load train schematic. Reprinted with permission from Ref. [65]. Copyright 2022 Elsevier. 
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Figure 21. Geometry of the indenter. 2a is the length of the straight part of the punch, 2b is the contact length [66]. 
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Figure 22. The contact problem for the radiused flat contact geometry (symmetrical contact): pressure distribution. Reprinted with permission from Ref. [67]. Copyright 2022 Elsevier. 
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Figure 23. Schematic drawing of fretting-wear rig used by Fridrici et al. [69]. Reprinted with permission from Ref. [69]. Copyright 2022 Elsevier. 
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Figure 24. Comparison between experimental life and predicted life using the fracture mechanics method from Conner et al. [70]. Reprinted with permission from Ref. [70]. Copyright 2022 Elsevier. 
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Figure 26. Comparison of experimental fatigue lives and predicted total lives [76]. Reprinted with permission from Ref. [76]. Copyright 2022 Elsevier. 
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Figure 27. Comparison of experimental fatigue lives and predicted total lives of coated specimens [77]. Reprinted with permission from Ref. [77]. Copyright 2022 Elsevier. 
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Figure 28. Dovetail fixtures: A (a) B (b) and C (c) [79]. Reprinted with permission from Ref. [79]. Copyright 2022 Springer Nature. 
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Figure 30. Rotor disk with (a) straight dovetail and (b) skewed dovetail (θ = 20°) [81]. Reprinted with permission from Ref. [81]. Copyright 2022 Elsevier. 
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Figure 31. Loads acting on the rotor: (a) centrifugal and aerodynamic loads on the blade and (b) 3D forces and moments at blade CG. Reprinted with permission from Ref. [81]. Copyright 2022, Elsevier. 
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Figure 32. Generalized TSR-CSR diagram for steels [83]. Reprinted with permission from Ref. [83]. Copyright 2022 Elsevier. 
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Figure 33. (a) Tangential stress range and compressive stress range with respect to load amplitude (b) S-N curve for the fretting fatigue test of dovetail joint. Reprinted with permission from Ref. [83]. Copyright 2022 Elsevier. 
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Figure 34. (a) Dovetail test fixture and (b) dovetail specimen used in [86]. Reprinted with permission from Ref. [86]. Copyright 2022 Elsevier. 
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Figure 35. Predicted results using the traditional and the modified SWT equation [86]. Reprinted with permission from Ref. [86]. Copyright 2022 Elsevier. 
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Figure 36. Test fixture used by Yang et al. [89]. Reprinted with permission from Ref. [89]. Copyright 2022 Elsevier. 
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Figure 37. Fretting fatigue life results with AR being the “as-received” specimens and SP being the shot-peened specimens [89]. Reprinted with permission from Ref. [89]. Copyright 2022 Elsevier. 
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Figure 38. Double lap joint specimen [92]. Reprinted with permission from Ref. [92]. Copyright 2022 Elsevier. 
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[image: Lubricants 10 00053 g038]







[image: Lubricants 10 00053 g039 550] 





Figure 39. (a) Bolt hole and (b) bolted specimen [93]. Reprinted with permission from Ref. [93]. Copyright 2022 Elsevier. 
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Figure 40. (a) S-N curve retrieved by the experimental data and (b) change in fatigue life depending on tightening torque Tb at different stress amplitude [93]. Reprinted with permission from Ref. [93]. Copyright 2022 Elsevier. 
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Figure 43. Schematic drawing of the bolted plate specimen [95]. Reprinted with permission from Ref. [95]. Copyright 2022 Elsevier. 
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Figure 44. FEM analysis submodel [95]. Reprinted with permission from Ref. [95]. Copyright 2022 Elsevier. 
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Figure 45. TSR-CSR diagram for S355mc [95]. Reprinted with permission from Ref. [95]. Copyright 2022 Elsevier. 
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Figure 46. (a) Fretting fatigue double shear lap joint specimen and (b) fretting fatigue test apparatus used [97]. Reprinted with permission from Ref. [97]. Copyright 2022 Elsevier. 
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Figure 47. 3D model used: (a) full model and (b) model used in the FEA [19]. Reprinted with permission from Ref. [19]. Copyright 2022 Elsevier. 
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Figure 48. Schematic drawing of the developed bolted joint fixture [99]. Reprinted with permission from Ref. [99]. Copyright 2022 Springer Nature. 
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Figure 49. (a) Test fixture and (b) schematic drawing of the bolted joint specimen used [100]. Reprinted with permission from Ref. [100]. Copyright 2022 Elsevier. 
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Figure 50. Material response fretting map (MRFM) for 5086H24 aluminium alloy [100]. Reprinted with permission from Ref. [100]. Copyright 2022 Elsevier. 
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Figure 51. Double lap bolted joint specimen used [101]. Reprinted with permission from Ref. [101]. Copyright 2022 Elsevier. 






Figure 51. Double lap bolted joint specimen used [101]. Reprinted with permission from Ref. [101]. Copyright 2022 Elsevier.



[image: Lubricants 10 00053 g051]







[image: Lubricants 10 00053 g052 550] 





Figure 52. S-N curves for uncoated and coated Al 7075-T6 bolted joint specimens clamped with (a) T = 5 Nm and (b) T = 8 Nm, at R = 0.1 [101]. Reprinted with permission from Ref. [101]. Copyright 2022 Elsevier. 
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Figure 53. Double lap bolted joint fixture used [102]. Reprinted with permission from Ref. [102]. Copyright 2022 Elsevier. 
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Figure 54. Double lap bolted joint model used [102]. Reprinted with permission from Ref. [102]. Copyright 2022 Elsevier. 
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Figure 55. Predicted results versus experimental results for fretting fatigue crack initiation [102]. Reprinted with permission from Ref. [102]. Copyright 2022 Elsevier. 
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Figure 56. Test apparatus used [104]. Reprinted with permission from Ref. [104]. Copyright 2022 Elsevier. 
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Figure 57. Finite element models for the single lap bolted joint: (a) full solid model, (b) solid equivalent model and (c) shell equivalent model [107]. Reprinted with permission from Ref. [107]. Copyright 2022 Elsevier. 
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Figure 58. Multiaxial parameter results for (a) SWT, (b) Ruiz’s FFDP, (c) Crossland and (d) FS [104]. Reprinted with permission from Ref. [104]. Copyright 2022 Elsevier. 
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