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FRETTING FATIGUE OF INTERFERENCE FITTED JOINTS: DEVELOPMENT OF A 

NOVEL SPECIMEN FOR FOUR-POINT ROTATING-BENDING TESTS AND 

EXPERIMENTAL RESULTS 

D. Croccoloa, M. De Agostinisa, S. Finia, G. Olmia, L. Paiardinia, F. Robustoa*, C. Scapecchia 

a Department of Industrial Engineering (DIN), University of Bologna, Viale del Risorgimento 2, 

40136 Bologna, Italy 

*francesco.robusto@unibo.it Tel. +39-051-2093334 

Abstract: Interference-fitted joints are widely used to join a shaft and a hub. The contact pressure 

produced by the interference induces stress concentration on the shaft at the hub end. FEA can be 

helpful in evaluating the related stress concentration factor. However, fretting damage may be 

generated and may arise from micro-sliding between the mating surfaces. It is currently not feasible 

to take this occurrence into account and to properly and reliably address this phenomenon by a 

standard numerical simulation. In order to tackle this question, an ad hoc specimen was designed for 

four-point rotating bending fatigue testing. The new specimen has three main advantages: the first 

one is the reduced dimensions with respect to the usually tested shafts, the second is the possibility 

of controlling the average contact pressure, and the third is the capability of easily dismounting the 

specimen without damaging the coupled surfaces. The specimen has been then tested. The study 

focused on C40 normalized steel, whose fretting fatigue limit was experimentally evaluated by the 

aforementioned device. The mating surfaces could also be carefully analyzed for fretting damage 

detection after cycling. The fatigue limit retrieved was 254 MPa and fretting damage and induced 

cracks were detected in the specimens, which proves the effectiveness of the introduced testing rig at 

reproducing fretting fatigue damage. 
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List of symbols: 

Bir : bushing internal radius [mm] 

BHr : hub-bushing mean radius [mm] 

Her : hub external radius [mm] 
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Ser : shaft external radius [mm] 

r : generic radius [mm] 

HBp : contact pressure between hub and bushing [MPa] 

BSp : contact pressure between bushing and shaft [MPa] 

s : bushing axial displacement [mm] 

 : conical coupling angle [°] 

HE : hub Young’s modulus [MPa] 

BE : bushing Young’s modulus [MPa] 

SE : shaft Young’s modulus [MPa] 

H : hub Poisson’s ratio [-] 

B : bushing Poisson’s ratio [-] 

S : shaft Poisson’s ratio [-] 

HQ : hub aspect ratio [-] 

BQ : bushing aspect ratio [-] 

Q : bushing non-dimensional generic radius [-] 

r : bushing radial stress [MPa] 

t : bushing tangential stress [MPa] 

BSz : radial displacement [mm] 



t : tangential deformation [-] 

_n notchedS : notched specimens fatigue limit [MPa] 

_n plainS : plain specimens fatigue limit [MPa] 

notched : notched specimens’ standard deviation [MPa] 

plain : plain specimens’ standard deviation [MPa] 

fk : stress concentration factor for fatigue (notch factor) [-] 



1. Introduction 

Interference coupling and screw clamping are widely used to join a shaft to a hub. The joint fastening 

capability is strictly related to the achievable contact pressure at the shaft and the hub interface. In a 

screw fastener, this pressure can be fulfilled as an effect of the tightening force of one or more screws 

[1]. Another way to generate a contact pressure at the interface is by applying a certain amount of 

radial interference. In both cases, the coupling involves a radial deformation of the shaft [2,3]. 

However, the induced deformation acts as any other geometrical discontinuity and, therefore, in the 

presence of external loads, causes a local stress increase. Hence, the stress concentration may lead to 

component fatigue failures in the presence of cyclic loads. For instance, these failure modes may 

occur in the front forks of bikes or motorbikes [4], in railway axles [5–8], or in the field of oil and 

gas and turbines [9,10]. Other applications involve motor crankshafts [11], aeronautical engine blade 

turbines [12,13], and dovetail couplings [14–19].  

When considering shaft-hub joints under a cyclic bending load, a relative displacement at the interface 

between the hub rounded end and the shaft may occur, triggering a damage mechanism known as 

fretting fatigue [20]. Failures due to fretting fatigue cracks propagation happen under the traditional 

fatigue limit in the component. This occurrence depends on a large number of parameters, making 

the design process difficult. Even though fretting fatigue has been studied since the 1920s [21], the 

topic is still of great interest. Many researchers are currently working on several aspects, such as the 

numerical simulation of fretting on heterogeneous materials [22,23], numerical simulation of fretting 

wear [24,25], the effect of treatments [26–30], design of testing fixtures [16,31,32]. Some authors 

have investigated the influence of fretting fatigue damage on railway axles, where a noticeable 

amount of failures is reported in the vicinity of the press-fitted region of the wheel-axle assembly 

[33–35]. However, running fatigue tests on real scale models is often time-consuming. Many of the 

press-fitted fretting fatigue specimens that have been used throughout the years are either remarkably 

largely sized [33,36–38] (with diameters ranging from 42mm to 192mm) or difficult to disassemble, 

which prevents the observation of cumulated fretting damage [39,40].  



Therefore, Croccolo et al. developed a testing methodology to assess the fatigue response of shaft-

hub interference-fitted joints involving reduced dimension specimens [41,42] to be loaded under four-

point rotating bending. Running tests under rotating bending makes it possible to take advantage of 

simple and cheap testing machines that operate at relatively high frequencies. On the other hand, the 

specimen dimension needs a careful design, as it is strictly related to the available load capacity of 

the rotating bending machine. The previously developed specimen, described in [41], consisting of a 

shaft and a hub to be shrink-fitted, exhibited well-conceivable dimensions. However, a not-fixable issue 

arose from mating surfaces being damaged upon coupling and, especially, decoupling phases. In addition, 

the previously mentioned specimen, designed according to Standard ISO 1143 [43], exhibited an 11 

mm coupling diameter at the interface between the shaft and the hub, corresponding to the sample 

gage. It is well known that the contact pressure is directly proportional to the specific interference. 

Therefore, for this diameter, working out an expected value of coupling pressure as a function of a 

controlled radial interference was likely to lead to a poor robustness issue. In particular, careful 

interference control would have required a particularly strict tolerance prescription, which would have 

been generally difficult to accomplish and thoroughly check. Consequently, little variations in radial 

interference would have occurred, which, in turn, would have yielded considerable variations of 

contact pressure. To properly address this issue, in this paper, the authors develop a new specimen 

that, using a conical coupling, allows for strict control of the contact pressure at the interface. A 

contact pressure analytical model that accounts for initial clearance is also developed. Moreover, the 

shaft and hub parts may be easily separated after the test, allowing to subsequently analyze the mating 

surface by microscope observations. 

An experimental campaign has been carried out in order to evaluate the fatigue behavior of the 

notched specimens of C40 steel. The experimental campaign has been followed by the statistical 

processing of the retrieved results and some experimental tasks aimed at carefully analyzing fretting-

induced surface wear and cracks. These additional studies have finally made it possible to validate 

the capability of the here presented testing rig to actually reproduce fretting fatigue damage.  



2. Materials and methods 

2.1 Design of the specimen 

The specimen has been developed to be tested on the test benches available at the University of 

Bologna. In particular, the rotating bending test bench is the RB 35 manufactured by Italsigma S.r.l. 

of Forlì, Italy. Some technical data, which are concerned with specimen design specifications, are 

provided in the following. This machine can perform four-point rotating bending tests, according to 

[43]. The driving speed of the mandrel, actuated by an electric motor, can be live controlled up to a 

maximum value of n = 3600 rpm. The specimen is clamped between the drive and the driven mandrels 

(the latter is a free mandrel that supports the specimen). Both mandrels are hinged at the mainframe 

of the bench; during a test, the bending moment can be applied by a calibrated mass or an actuator, 

while the current number of cycles is monitored by a counter. Each mandrel consists of a threaded 

nut that, following proper tightening, can preload a tapered split collet, whose internal diameter bears 

one end of the specimen. The biggest collet available has an internal diameter of 16 mm, whereas the 

maximum allowable length is 250 mm. According to specimen geometry recommendations in [43], 

the gauge diameter must be smaller than that of the collet to be coupled to its head. 

It is well known that for small diameters, even a slight variation in radial interference implies a 

significant fluctuation in terms of specific interference, which, in turn, leads to a remarkably high 

scattering affecting contact pressure. The impossibility of adequately controlling radial interference, 

which leads to a significant bias, was the most significant drawback of the previous shaft-hub 

specimen [41], whose drawing is shown in Figure 1, following complete assembly, for the sake of 

completeness.  



 

Figure 1 – Previous version of the specimen assembly [41] (not in scale, all dimensions in mm) 

 

For this reason, in this study, a new specimen geometry, reproducing the notch at the shaft-hub 

coupling, has been conceived for tests under rotary bending fatigue. The new specimen, shown in 

Figure 2, takes inspiration from the previous specimen, achieving the required contact pressure using 

a tapered shaft-hub joint. In this coupling, the contact pressure is achieved as an effect of the 

interference induced by the controlled displacement between two conical elements (tagged as bushing 

and hub in Figure 2). The conical surfaces with a taper of 2% are pressed together, tightening the ring 

nut, thus generating radial forces. These forces provide the required pressure and, in turn, the needed 

frictional coupling between the hub and the shaft. 

This device makes it possible to simulate a frictional coupling efficiently and reliably between a shaft 

and a hub involved in transmitting torques or forces. A further important point is that conical coupling 

keeps a relevant role in enabling an easy decoupling between the shaft and the hub. Untightening the 

ring nut, the pressure between the shaft and the hub drops to zero, and it is possible to disassemble the 

parts manually. Consequently, the shaft surface, as well as crack nucleation sites, are not damaged 

and, therefore, can be carefully analyzed, to investigate the presence of fretting-induced wear or 

cracks.  



This procedure also allows insight not destructive control of the shaft surface (by penetrant liquids or 

other techniques), to detect fretting cracks before the specimen failure. For this purpose, in the present 

research, spray fluorescent dye penetrants were applied (QPL-USAF, which exhibits a yellow/green color 

under ultraviolet light). Upon defect detection, shafts were longitudinally cut in correspondence to the 

defect location. The obtained sections were polished in order to analyze fretting fatigue cracks. Cutting 

was performed by a miter saw equipped with emery discs. After that, to allow better handling, a 

longitudinal portion of the shaft was incorporated into a resin for each sample. The surface of the obtained 

cylindrical sample was sanded and polished in a lapping machine. For this purpose, sandpaper (grit from 

P80 to P2500) and cloth disks wetted by 0.05 μm alumina powder-water mixed were used. After the 

polishing task, fretting-induced crack paths, inclinations, and lengths were investigated by an Optiphot-

100 optical microscope (by Nikon, Melville, NY, United States). Additional analyses were run by a 

Field Emission Gun Scanning Electron Microscope (SEM-FEG). This microscope (Mira3 Model, by 

TESCAN, Brno, Czech Republic) consists of a hot-cathode field emission gun (tungsten filament 

emitter) and energy-dispersive X-ray spectroscopy (EDS). 

 



 

Figure 2 – Notched specimen assembly (not in scale, all dimensions in mm) 

 

 

Figure 3 – Experimental setup 

 

 

2.2 Contact pressure analytical model 

The analytical model used to calculate the coupling pressure has been widely discussed in the 

literature [44,45]. The model is based on applying thick-wall cylinder theory, adapted to tapered 

couplings in this specific case. In this paper, we will report the most important formulas. We advise 

referring to the aforementioned references for a deeper understanding of the subject. Due to the 



possible clearance between the bushing and the shaft, it may occur that before the related mating 

surfaces get in contact, the bushing needs to engage with the hub (upon the conical coupling) by a 

nonzero axial relative displacement. The actual pressure between the shaft and the bushing after the 

contact pBS is yielded by Eq. 1, according to [44]. 
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The resulting analytically computed contact pressure at the mating surfaces is plotted in Figure 4 for 

a diametral allowance of 14 µm, as a function of the relative displacement s between the bushing and 

the hub. 

 

Figure 4 – Contact pressure at the mating surfaces as a function of the bushing-hub relative 

displacement s 

In order to determine the tightening torque to be applied to the ring nut so that the desired contact 

pressure can be induced, an analytical model has been used. This model operates under the hypothesis 

that a lubricant (ceramic grease Interflon HT 1200) is applied to the threaded connection and at the 



interface between the bushing and the hub. The rationale for this procedure is the lubricant provides 

a constant friction coefficient µ (steel to steel) of 0.12, based on the manufacturer datasheet [46]. 

Therefore, based on the desired coupling pressure, it was then possible to work out the introduction 

force Fi , complying with [45], as follows (Eq. 2): 

( )cos tanHB BHFi p A   =    +  (2) 

 

In this formula A indicates the actual contact area between the hub and the bushing and µBH is the 

friction coefficient at the conical interface between the bushing and the hub. 

Thus, by Motosh’s equations [47], the actual tightening torque T. can be determined as follows (Eq. 

6): 

( )20.16 0.58 0.5th b mT Fi p d D =   +   +    (6) 

 

Where p is the threaded pitch, µth is the friction coefficient in the threads, d2 is the pitch diameter [48], 

µb is the bearing friction coefficient in the underhead, and Dm is the underhead mean diameter. 

Provided the aforementioned lubricant was spread over all the surfaces, except for the coupling 

between the shaft and the bushing that was kept in dry conditions, a value of 0.12 was assumed for 

all the defined friction coefficients (µBH, µth and µb). 

 

2.3 Experimental campaign 

The specimen described above has then been involved in an experimental campaign to assess its 

relevant features and validate its capability of correctly reproducing the fretting fatigue mechanism. 

The shaft and the bushing were manufactured by C40 steel [49] (also referenced with the number 

1.0511), whose chemical composition is reported in Table 1. The ring nut and the hub were instead 



made of 39 NiCrMo 3 [50], thus making them reusable for multiple fatigue tests. The chemical 

composition of this material is provided in Table 2. The shaft and the bushing were changed after 

every test. Code SXX was assigned to each shaft, whereas code BXX was given to the bushing. The 

fatigue testing procedure was based on ISO 1143 Standard for rotating bending fatigue testing [43]. 

The Standard defines the testing procedure and the load scheme.  

Table 1 – Chemical composition of C40 steel (wt%) [49] 

C Si max Mn P max S Na max Cr max Mo 

max 

Ni max Cr+Mo+Ni 

Max 

Others 

0.37 to 

0.44 

0.40 0.50 to 

0.80 

0.045 0.045 - 0.40 0.10 0.40 0.63 - 

 

Table 2 – Chemical composition of 39 NiCrMo 3 (wt%) [50] 

C Si max Mn P max S max Cr Mo Ni V B 

0.35 to 

0.43  

0.40 0.50 to 

0.80 

0.025 0.035 0.60 to 

1.00 

0.15 to 

0.25 

0.70 to 

1.00 

- - 

 

Every specimen underwent dimension and roughness checks to ensure they could meet the 

specifications in Figure 2. For the sake of synthesis, roughness measurements are not reported in this 

paper. Shaft-bushing specimens were arranged in pairs to minimize the scattering affecting the 

clearance value across the batch. The contact pressure at the coupling between the shaft and the 

bushing was set at 80 MPa.  

The specimen dimensions, along with specimen pairs and clearance levels, are reported in Table 3. 

The tightening torque to achieve the desired contact pressure is also reported in the same Table. 

Table 3 – Specimen couplings with clearance data 

Shaft  
Nr. 

Dimension 
[mm] 

Bushing 
Nr. 

Dimension 
[mm] 

Coupling 
 

Clearance 
[µm] 

Tightening 
torque [Nm] 

S01 11.0030 B21 11.0033 S01/B21 0.3 13.4 
S09 11.0101 B02 11.0100 S09/B02 0.0 12.8 
S07 11.0082 B06 11.0085 S07/B06 0.3 13.4 
S18 11.0057 B25 11.0062 S18/B25 0.4 13.6 
S27 11.0034 B22 11.0035 S27/B22 0.1 13.0 
S13 11.0056 B10 11.0061 S13/B10 0.6 14.0 



S19 11.0061 B27 11.0068 S19/B27 0.6 14.0 
S11 11.0072 B19 11.0080 S11/B19 0.8 14.3 
S05 11.0043 B14 11.0057 S05/B14 1.3 15.3 
S26 11.0063 B23 11.0060 S26/B23 -0.3 12.2 
S15 11.0117 B04 11.0119 S15/B04 0.2 13.2 
S21 11.0138 B28 11.0138 S21/B28 0.0 12.8 
S22 11.0130 B24 11.0131 S22/B24 0.1 13.0 
S17 11.0108 B30 11.0113 S17/B30 0.5 13.8 
S06 11.0118 B17 11.0125 S06/B17 0.7 14.2 
S10 11.0155 B15 11.0164 S10/B15 0.9 14.5 
S29 11.0103 B20 11.0113 S29/B20 1.0 14.7 
S03 11.0093 B16 11.0105 S03/B16 1.2 15.1 
S16 11.0088 B09 11.0103 S16/B09 1.5 15.7 
S24 11.0098 B05 11.0114 S24/B05 1.6 15.9 
S12 11.0088 B29 11.0106 S12/B29 1.8 16.3 
S23 11.0075 B03 11.0096 S23/B03 2.1 16.8 
S14 11.0055 B13 11.0078 S14/B13 2.3 17.2 
S20 11.0060 B12 11.0088 S20/B12 2.8 18.2 

S08 11.0065 B26 11.0099 S08/B26 3.4 19.3 
S28 11.0063 B11 11.0097 S28/B11 3.4 19.3 
S25 11.0023 B18 11.0115 S25/B18 9.2 30.4 
S04 10.9945 B01 11.0114 S04/B01 16.9 45.1 

 

All the specimens were tested by the aforementioned four-point rotating bending machine, where the 

sample was loaded under alternate load (load ratio, R=-1) with constant maximum bending moment 

[51,52]. In total, 29 pairs of specimens were tested with a rotating speed of 3,000 rpm. The run-out 

was set at 2,000,000 cycles following the Italian National Standard UNI 7670 (used mainly until a 

few years ago) and the original studies about fretting fatigue involving motorcycle forks [53]. This 

choice regarding runout does not compromise the outcomes regarding the proper applicability of the 

specimen. However, runout will be increased in the next studies on the topic in order to make it 

consistent with current recommendations. The fatigue testing was aimed at the determination of the 

fatigue limit. A staircase method was applied for this purpose according to Standard ISO 12107 [54]. 

Following the tests, the fracture surfaces along with the cylindrical surface of the shafts (involving 

both failed and survived specimens) were carefully analyzed by a stereoscopic microscope (Stemi 

305 by ZEISS, Oberkochen, Germany), in order to detect the crack initiation point and to assess the 

occurrence of fretting. It is worth mentioning that some additional trials have been run: in these tests, 



specimens were fatigued up to a number of cycles being significantly lower than the predicted number 

of cycles to failure. The fatigue life estimation was made based on the S-N curve reported in [41]. 

After these tests, the specimens were disassembled, and, in order to detect the plane where crack 

initiation had reasonably occurred, a dye penetrant inspection was carried out on the shaft (Figure 5), 

as described above. Post-emulsifiable fluorescent penetrants were used for this purpose. The crack 

initiation sites and the planes involving crack propagation paths were reasonably determined through 

sample examination in a dark room. Afterwards,  the shafts were longitudinally cut along these planes 

by standard metallographic techniques. 

 

 

Figure 5 – Dye penetration inspection on the shaft specimens 

 

3. Results and discussion 

The experimental fatigue results are reported in Table 4. The table provides sample identification, 

maximum nominal bending stress (corresponding to the stress amplitude) at the gage, and the number 

of cycles to failure. Finally, in the last column, an indication of the trial outcome (Runout or failure) 



is provided. In particular, “Run out” indicates that the specimen survived up to 2·106 cycles and that  

the test was consequently stopped, whereas “Yes” indicates failed specimens. 

Table 4 – Results of the fatigue tests 

Specimen Stress (S) [MPa] Life cycles (N) Failure 

S01/B21 210 2,000,000 Run out 

S09/B02 269 559,724  Yes 

S07/B06 250 1,075,722  Yes 

S18/B25 230 578,533  Yes 

S27/B22 220 2,000,000 Run out 

S13/B10 230 2,000,000 Run out 

S19/B27 240 514,006  Yes 

S11/B19 230 2,000,000 Run out 

S05/B14 240 2,000,000 Run out 

S26/B23 240 380,710  Yes 

S15/B04 230 2,000,000 Run out 

S21/B28 240 2,000,000 Run out 

S22/B24 250 423,275  Yes 

S17/B30 240 3,937,199  Yes 

S06/B17 250 2,000,000 Run out 

S10/B15 260 351,847  Yes 

S29/B20 250 2,000,000 Run out 

 

The experimental results were processed to obtain the fatigue limit of the notched specimens in 

agreement with Standard [54]. The application of the staircase method yielded a fatigue limit 

_ 254 MPan notchedS = with a standard deviation 10 MPanotched = . Comparing this result with the 

endurance limit (50% at 5·106 cycles) of plain specimens indicated in [41] (
_ 364 MPan plainS = and 

6 MPaplain = ), the stress concentration factor for fatigue (notch factor) given by the interference 

joint may be determined.  

_

_

1.43
n plain

f

n notched

S
k

S
= =  

(4) 



Two examples of fracture surfaces of shaft specimens are shown in Figure 6. The circle and the arrow 

indicate the zone of the final fracture. The extension of the relevant zones of final fracture is compliant 

with specimen load history. The multiple crack initiation sites on the surface are consistent with a 

steep stress gradient at the end of the bushing radius [51,52]. 

 

Figure 6 – Specimen fracture surfaces (a) S07 failed at 1,075,722 cycles, and (b) S09 failed at 

559,724 cycles 

Typical contact surfaces after the test are shown in Figure 7: the presence of iron oxides at the bushing 

end mating suggests the presence of fretting damage [40,55]. Moreover, the amount of oxidated area 

in the vicinity of the contact point between the shaft and the bushing bore radius in the axial direction 

is in the order of 0.5 mm. 

 



Figure 7 – Cylindrical surface of the shafts at the bushing end contact after test (a) S06 (outcome: 

run out), and (b) S29 (outcome: run out) 

 

Table 5 – Interrupted fatigue tests 

Specimen Stress (S) [MPa] Life cycles (N) 

S03/B12 269 400,000 

S16/B09 269 400,000  

S24/B05 269 400,000 

S18/B25 269 400,000 
S12/B29 269 400,000 

S23/B03 269 400,000 

S14/B13 269 400,000 

S20/B12 269 400,000 

S08/B26 269 400,000 

S28/B11 269 400,000 

S25/B18 269 400,000 

S04/B01 269 400,000 



 

 

Figure 8 – Dye penetrant inspection on the specimens (a) S25 (test stopped after 400,000 cycles) 

and (b) S24 (as above) 

The results of the interrupted fatigue tests, which involved specimens loaded under the maximum 

achievable stress amplitude by the rotating bending testing machine, are reported in Table. 5. As 

above, fluorescent dye penetrant inspection was performed for all the samples but, for the sake of 

synthesis, just the outcomes for two shaft specimens (S24 and S25) are shown in Figure 8. A long 

fatigue crack with several initiation points at the surface is highlighted in both samples at the fretted 

region. Therefore, the shafts were cut along longitudinal axes (i.e., along main axes of inertia), as 

highlighted in Figure 8 to observe the aforementioned region by an optical microscope. Typical views 

along longitudinal sections are displayed in Figures 9 to 11. The latter contains a detail of the crack 



in Figure 11, whose layout was highlighted by SEM-FEG observation. It must be remarked that, due 

to the multiaxial stress state, the fretting cracks do not grow in the radial direction. The observed 

crack orientation is slanted by an angle between 0° and 45° due to the shear stress on the sample 

surface. The crack orientation angle, which always propagates inside the coupling, is higher near the 

surface than inside the sample. A possible reason for this outcome is that the contribution of shear 

stresses tends to decrease for inner layers, and conversely, the contribution by bending-induced 

normal (longitudinal) stresses increases. Therefore, the greater depth, the lower the crack inclination 

(until they become radial). Furthermore, alongside the main crack, there are minor secondary cracks. 

These outcomes are completely aligned with those reported in the literature dealing with fretting 

fatigue [55]. Therefore, it must be pointed out that these results indicate that the developed specimen, 

whose design was supported by the aforementioned analytical model, can properly replicate the 

fretting phenomenon in shaft-hub joints with interference. In fact, the specimen proved to enable 

accurate coupling pressure control (which is not possible with a more conventional shaft-hub 

interference fitted joint). Moreover, as it has been observed, fatigue testing by this specimen can 

reproduce fretting mechanisms and damage. Quantitative results may also be determined regarding 

fatigue strength and life, wear width and crack inclination and path. This achievement is made 

possible by the particular feature of the specimen that can be disassembled without scratching the 

mating surfaces, particularly those involved by wear as an effect of relative displacement. 

Consequently, thorough microscope analyses may be run. 



 

Figure 9 –Sectional view (shaft longitudinal section) of two different cracks (a) and (b) on shaft S25 

(bushing on the right side) 

 

Figure 10 –Sectional view (shaft longitudinal section) of a crack on shaft S24: (a) lower 

magnification and (b) higher magnification 

 



 

Figure 11 –A detail of the crack path (shaft S24) examined by SEM-FEG and here highlighted by 

an arrow 

 

4. Conclusions 

In this study, the effect of fretting on the fatigue behavior of an interference-fitted joint was analyzed. 

First, a customized specimen was designed to enable control of the actual contact pressure between 

the mating surfaces. This specimen, taking advantage of a conical coupling, makes it possible to 

control the contact pressure at the mating surfaces of the shaft and the hub with a good confidence 

level. The same specimen has the remarkable feature of enabling decoupling after fatigue cycling 

without damaging the mating surfaces. This point is a crucial issue, considering the common need for 

specimen surface microscope observation and fretting damage and fretting-induced crack initiation 

site detection.  

The specimen suitability for fretting fatigue-related problems has been validated by experimental 

tests. The experimental campaign involved C40 steel that was tested according to the ISO Standard 

on a four-point rotating bending machine. The specimens were accurately checked in terms of 

20 m



dimensions and roughness in order to assess their compliance with the technical drawing. After that, 

the specimens were sorted out in pairs to keep the clearance/interference level as constant as possible. 

The assembly was carried out by applying a tightening torque that was analytically evaluated for a 

target contact pressure of 80 MPa. Seventeen specimens were tested as a total in order to determine 

the fretting fatigue limit of 254 MPa for the notched specimens by Staircase Method. It was then also 

possible to evaluate the fatigue strength reduction factor for this experimental setup, which turned out 

to be equal to 1.43. In addition, twelve specimens were tested under the maximum load achievable 

by the test bench, but in this case, the tests were interrupted before the expected life to failure. 

This procedure made it possible to analyze wear at the shaft mating surfaces by stereoscopic 

microscope and then to detect crack initiation sites by fluorescent penetrant liquids. The shafts were 

then properly cut to highlight crack paths by subsequent microscope observation. It was assessed that 

the cracks were not perpendicular to the shaft axes in agreement with the relevant literature about 

fretting fatigue. They appear to be slanted up to an inclination of 45° at the surface as an effect of 

fretting-induced shear stresses.  

These results prove that the developed specimen can reliably replicate the fretting phenomenon in 

shaft-hub joints with interference. Therefore, it makes it possible to make qualitative and quantitative 

evaluations related to wear and cracking, depending on coupling pressure at the shaft-hub interface. 

Since the relative displacement in this kind of coupling is minimal, this specimen can also help with 

the understanding of the fretting behavior of a material for almost zero relative displacements (<

10𝜇𝑚). It is worth mentioning it is nowadays very difficult to address this problem with traditional 

fretting pad-testing machines. 

 For this set of studies, a run-out at 2,000,000 cycles was set, following the old national standard UNI 

7670. This choice regarding runout does not compromise the outcomes regarding the proper 

applicability of the specimen. However, runout will be increased in the next studies on the topic in 

order to make it consistent with current recommendations. 
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