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ABSTRACT 

Subject to the analysis was a tribological kinematic pair consisting of shaft and sleeve, both made of C45 steel. 
The elements were joined by pressing with the 0.02 mm tolerance. The shaft was subjected to the finishing and 
strengthening treatment consisting in induction hardening. The tribological kinematic pair made in such way was 
tested on a fatigue testing machine, which permitted obtaining a rotational bending moment.  

Macroscopic investigations of the unhardened shaft demonstrated, on the shaft surface, the traces of fretting 
wear in the form of a ring of the uniform width comprising the entire axle seat circumference.  

Based on the test results, it may be concluded that the use of the shaft induction hardening process has caused 
the reduction of fretting wear development compared to shafts without additional treatment. In this case, Wear 
traces in the form of small diameter ring comprising the entire shaft circumference are observed on one side of the 
shaft axle seat. 
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Introduction 

Forced-in joints are commonly used for joining cylindri-
cal or conical elements which are most often subject to 
loads causing a variable torque or bending moment. The 
appropriate design of the fit guarantees joint inseparability 
even in the harshest operation conditions. Many ad-
vantages of that assembly technology, which may include, 
for example, ensuring the alignment of the parts joined 
together, encourage scientists to pursue scientific research 
permitting the mechanisms accompanying the forcing pro-
cess to be recognised more precisely. Simulation tests are 
conducted, too, making use of relevant computer software, 
and tests on real objects. Works [1-4] may be given as ex-
amples of scientific literature.  

The main causes of the destruction of push fit joints in-
clude micro lost motion at the mating surfaces of the shaft 
pin and sleeve, and fretting wear, whose extent is related to 
the state of deformations and stresses in the joint [5-6]. Fret-
ting wear may cause cavities in the common joint surface 
and/or the rise of microcracks. In the presence of variable 
bending loads, microcracks may develop into fatigue frac-
tures. In turn, cavities may lead to joint breaking, rotation 
or disconnection [7-9].  

Elements loaded with forces causing the rotational 
bending moment, especially those elements which are sub-
ject to high loads and which influence safety directly, 
should be distinguished by appropriate fatigue strength. 

Rail vehicle wheel sets are an example of such elements, on 
which travel safety depends directly. The wheel/axle push 
fit joint is subject to both static loads from the vehicle 
weight and to dynamic loads caused by the vehicle move-

Fig. 1. Internal stresses in C45 steel samples hardened to 
the depth of: 1 – 1 mm, 2 – 1.8 mm, 3 – 2.3 mm [20] 
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ment along the track. Such load accumulation may lead to 
the initiation of premature fatigue wear, as a result of the 
development of fretting wear. It is difficult to diagnose a 
forced-in joint for damage during routine inspections, 
which increases the risk of causing the wear during opera-
tion and, consequently, causing vehicle derailing.  

The use of finish treatment consisting in surface hard-
ening of forced-in joint elements may be one of the meth-
ods to increase the life of joint elements subject to rotation-
al bending.  

Increasing the surface hardness by surface hardening 
can be done by two methods: flame or induction. The latter 
is used more frequently owing to several advantages. In-
duction hardening consists in steel heating above the aus-
tenite transition point with the use of eddy currents, and 
then quick cooling to obtain the bainitic structure. Induc-
tion hardening is commonly used in order to improve the 
properties of the elements, which is mainly the implication 
of low technology costs in exchange for satisfactory final 
outcomes. Induction hardening causes the increase of sur-
face hardness and the reduction of impact strength. The 
material's fatigue limit, especially the ultimate tensile 
strength, also increases [10].  

Owing to the wide use of the surface hardening pro-
cess, many works on the subject can be found in literature. 
These are the works whose authors, making use of com-
puter software, model the stress distribution, for example 
in [11-16] or empirical tests concerning the influence of the 
microstructure and residual stresses on the tribological 
performance of induction-hardened steel. Work [17] may 
be an example here. 

The fatigue strength of hardened steel depends on 
many factors, which may include, for example, the geomet-
rical dimensions of the top layer, the microstructure and 
hardening depth.  

The influence of hardening depth on the distribution of 
internal stresses is shown in figure 1. The hardening depth 
values shown are the implication of the most frequently 
used depths of induction hardening by means of high fre-

quency currents. The concentration of tensile stresses locat-
ed under the harder layer decreases noticeably with the 
increase of the thickness of the hardened top layer. Given 
the increase of the hardened surface thickness by 1 to 2 
mm, the reduction of tensile stresses by 9-12 % is observed. 
The area of occurrence of maximum tensile stresses moves 
deeper into the material where, in the case of loading with 
torque and bending moments, much lower working stress-
es occur [18].  

The increase of the fatigue strength of steel subjected to 
the hardening process is explained by the advantageous 
distribution of internal stresses, that is those which are dis-
tinguished by low residual stresses spreading out within 
the non-hardened zone [18]. The presence of residual com-
pressive stresses in the external layers of hardened ele-
ments enhances their fatigue strength even by 20 % [19]. 
The pattern of fatigue strength for induction-hardened 
steel in relation to the number of fatigue cycles and hard-
ening depth is presented in figure 2. 

The fatigue strength of push fit joints is a complex phe-
nomenon and depends on many factors, both external and 
internal. One of the causes of joint strength reduction is the 
activity of the engineering notch, which brings about the 
concentration of disadvantageous stresses and the reduc-
tion of surface pressures. The next cause, however, espe-
cially in the case of push fit joints operating in rotational 
bending conditions, is the development of fretting wear. 
Small surface pressures enhance the development of fret-
ting wear due to the easier relative displacement of the 
mating surfaces.  

Fretting wear develops as a result of the mating of two 
elements in relation to which there occur oscillatory tan-
gential microdisplacements of an insignificant amplitude. 
In view of the abundance of devices meeting the criterion 
above, fretting wear commonly occurs in many branches of 
science and technology. Wear traces were noted, for exam-
ple, on a truck frame [21], airplane elements [22-23], rail 
vehicle elements [24] and orthopaedic implants [25-26].  

In the case of forced-in joints, it is difficult to diagnose 

Fig. 2. Fatigue strength of heat-improved and induction-hardened steel to the depth of 1 – 1.35 mm, 2 – 0.9 mm, 3 – 2.3 mm 
[18] 
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the development of fretting wear during operation, which 
may, as a consequence, lead to fatigue cracks. The disas-
sembly of the joint involves its destruction and the lack of 
the option to reuse the same elements, especially the sleeve 
which is most often cut open. That is why appropriate pre-
ventive measures reducing wear development should be 
used. Shaft surface hardening may be one of them.  

Based on the description of the fretting wear develop-
ment mechanism in a forced-in joint as provided in litera-
ture, the roughness of the surfaces being joined together is 
a decisive factor for the actual contact between the surfaces 
joined and, consequently, for the initiation of fretting wear. 
The main phenomenon initiating the development of fret-
ting wear in a forced-in joint is adhesion, however. Adhe-
sive bonds appear in the area of the actual contact between 
the surfaces being joined together, as a result of loading the 
elements with a normal force and the occurrence of oscilla-
tory tangential displacements between the mating surfaces.  

The purpose of these investigations is to assess the in-
fluence of shaft induction hardening on the development 
of fretting wear in forced-in joints subjected to a rotational 
bending moment. The assumed wear test conditions may 
simulate the operation of a rail vehicle wheel set. 

Test methodology 

The object of the investigations is a tribological kine-
matic pair consisting of a shaft and sleeve joined together 
by pressing. The dimensions of the sample are shown in 
the figure 3. The assumed sleeve/shaft tolerance is 0.02 
mm. Elements were made of C45 steel whose basic me-
chanical properties are as follows: 

Re = 540 MPa 

Rm = 700 MPa 

A = 17.5 % 

E = 215 GPa 

The value of surface nominal pressures between the 
shaft and sleeve as determined by the finite element meth-
od (FEM) was 139.7 MPa.  

Wear tests were conducted for two sample groups. The 
first one comprised non-hardened shafts, and the other 
induction-hardened ones. Nine tribological kinematic pairs 
were tested in each group. The parameters of the shaft top layer in both sample groups are collated in table 1. The 

internal sleeve surface was ground, owing to which the 

Fig. 3. Sample dimensions 

Table 1 The parameters of the top layer of tested shafts 

Fig. 4. Shaft surface roughness profile, a) the shaft without top 
layer hardening treatment, b) the shaft after additional top layer 
treatment by means of induction hardening 
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surface roughness parameter Ra = 0.3 µm was obtained. 
Sleeve surface hardness was 160 HB. 

It follows from table 1 that the hardness of the surface 
of the elements subjected to the induction hardening pro-
cess increased approximately four times, which directly 
influenced the process of sleeve pressing onto the shaft. 
The force needed to press the sleeve increased by 0.6 kN. 
The growth of the force needed to press the sleeve onto the 
shaft and the change of the characteristics of the diagram 
Pw(l) may be due to the considerable difference of shaft 
surface hardness in relation to sleeve surface hardness. 
That situation may cause the rise of adhesive bonds, which 
requires a greater pressing force.  

Hardening process 

Shaft induction hardening consisted in rapid heating of 
the top layer with eddy currents induced by high frequen-
cy alternating current of the power at the level of 2 kW 
flowing in an inductor in the form of winding, and then 

quick cooling by a liquid spray. The shaft hardening 
process is presented schematically in figure 6.  

As a result of induction hardening, stress distribution in 
the shaft top layer as presented in figure 7 was achieved. 
These values were determined experimentally with the use 
of the ANSYS program. In the shafts subjected to induction 
hardening, there occur axial and circumferential compres-
sion stresses as well as tensile radial stresses, whose value 
varies in the range from 1.3 to 10 MPa. 

Test bench 

The test bench, on which fatigue tests were conducted, 
permitted a load on a sample to be achieved in such a way 
as to make it possible to obtain an appropriate amplitude 
of oscillatory tangential displacements between the surfac-
es joined together, as necessary for fretting wear, if any, to 
arise. The way of application of the forces and the appro-
priate structure of the machine caused the generation of 
the rotational bending moment. 

Fig. 5. Pressing force diagram, a) the shaft without top layer hardening 
treatment, b) the shaft after additional top layer treatment by means of in-
duction hardening 

Fig. 6. Shaft induction hardening process dia-
gram 

Fig. 7. Stress distribution on induction-hardened shafts 
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The parameters of sample tests at the fatigue testing 
machine were as follows:  

• Sample revolutions: n=1360 rev./min,  

• Load on the sample: Fc=2x200=400 N, 

• Number of cycles: n=107 

Strength analysis of shafts subjected to wear tests 

A non-linear material model with isotropic strengthen-
ing was used for the strength analysis (in the issue under 
investigation, the influence of the load and relief was not 

considered, hence it was insignificant if a model with iso-
tropic or kinematic strengthening was assumed). The mate-
rial stress level is determined in accordance with the Huber
-Mises-Hencky (HMH) stress hypothesis. The material 
model was created on the basis of simplified data present-
ed at the beginning of this chapter. The loading method 
and the results of the strength analysis are presented in 
figure 8 and table 2.  

 

Fig. 8. The method of loading the tribological kinematic pair and strength results 

Table 2 Results of the strength analysis of a sample loaded is in figure 4 

Fig. 9. Results of the FEM analysis of the shaft/sleeve joint – loads reduced in accordance with the HMH hypothesis 
[MPa] 
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FEM and fatigue analysis of the tribological kinematic 
pair 

In the FEM analysis, the geometrical model is a piece of 
beam taken from the whole beam from the range in which 
the bending moment is the only external load. The model 
consists of a quarter of the real object. The condition re-
quiring symmetry in relation to the XZ plane was imposed 
on the front surfaces, and the condition requiring sym-
metry in relation to the YZ plane was imposed on the re-
maining surfaces.  

The sleeve image is deliberately non-static in the Z di-
rection because non-linear contact formulation with the 
required contact at the initial course of the analysis was 
applied. The bending moment on the system comprises 
two forces applied as in figure 8. The results of the FEM 
analysis are presented in figure 9. In the case of the shaft, 
the maximum reduced stress occurs in the section change 
area, which may cause the engineering notch phenomenon 
thus reducing the joint fatigue strength. 

Procedure of sample preparation for laboratory tests 

To assess the degree of wear of tribological kinematic 
pairs, a relevant joint disassembly procedure was prepared 
as the traditional forcing off of the sleeve from the shaft 
would cause the distortion of the actual condition of the 
contact surface between the elements. After cutting off the 
shaft ends, the joint was cut long its axis of symmetry. As a 
result, three samples were obtained, which were subjected 
to the following laboratory tests: 

• macroscopic tests of the sleeve surface mating with 
the shaft surface to assess the size of wear traces, 

• macroscopic tests of the shaft surface to assess the 
size of wear traces, and microscopic observations 
permitting the assessment of the kinds of wear com-
prised by fretting wear, 

• microscopic tests of the surface of the sleeve and 
shaft contact surface to assess the condition of the 
top surfaces and any wear products in the gap. 

 

 

Fig. 10. Shaft surface after fatigue tests: a) the hardened shaft, b) the non-hardened shaft 

Fig. 11. Distribution of wear traces on the shaft circumference  
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Test results 

The results of the macrographic observations of shaft 
surfaces are presented in figure 7. In the case of hardened 
shafts, fretting wear traces are visible on the right side of 
the axle seat (fig. 10a). The trace comprises the entire shaft 
circumference and has the form of a ring of irregular di-
mensions. The wear trace width in the widest place is ap-
proximately 2.5 mm. Non-hardened shafts are distin-
guished by wear traces visible on both sides of the shaft 
axle seat surface (fig. 10b). The wear trace width in the 
widest place is 4 mm. The size of wear traces at each milli-
metre of the shaft axle seat surface was measured by means 
of a microscope and the results are presented in figure 11. 
The ring width on the non-hardened shaft varies between 3 
and 4 mm; in the case of hardened shafts that trace is thin-
ner and its width varies between 0.1 and 2.5 mm. 

The brown colour of the hardened shaft surface hinders 
the identification of wear traces which are brown-grey, a 
colour typical of atmospheric corrosion of iron, which is 
the evidence of the oxidation of worn-out areas. The gap 
between the shaft and sleeve, which arises as a result of 
shaft deflection under the load, permits the contact of the 
damaged areas with oxygen, which manifests itself in the 
precisely that colour.  

Both in the case of non-hardened and hardened shafts, 

wear traces are located close to the edge of the joint with 
the sleeve. Fretting wear location only by the forced-in 
joint edges is related to the presence of oscillatory tangen-
tial displacements between the mating surfaces. The quan-
tity which confirms the presence of oscillatory tangential 
displacements in the joint is the amplitude of relative dis-
placements of the mating surfaces. In joints operating in 
rotational bending conditions, the distribution of tangential 
stresses close to the contact surface of the elements joined 
together will be as on the Völkening model [27]. The value 
of those stresses equals zero in the joint symmetry axis and 
increases to the maximum by the sleeve front surface. That 
means that the amplitude of oscillations in the case of their 
occurrence will reach the maximum value at the contact 
point of the front sleeve surface with the shaft surface, and 
zero in the centre plane. 

The investigations of the chemical composition on a 
scanning microscope equipped with an EDS analyser con-
firm the presence of oxygen in wear products occurring on 
the shaft surfaces. The results of the analysis are presented 
in figure 12. Wear products are distinguished by oxygen 
content of approximately 30 %, which confirms their strong 
oxidation. The remaining chemical elements noticeable in 
the wear products are the outcome of engineering prepara-
tion of the surfaces for testing. 

The microscopic investigations of the shaft surface are-
as affected by wear products (the results of the observa-
tions presented in figure 13) with the use of the scanning 

Fig. 12. Analysis of the chemical composition of wear prod-
ucts on the shaft surface 

Fig. 13. Sample images of fretting wear observed on the 
shaft surface 
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microscope have demonstrated that the formation of mate-
rial build-ups on the shaft surface is the dominant damage. 
During fatigue tests, those build-ups became plastically 
deformed. They also have a tendency to break and move. 
Moving and torn-off products cause damage to the further 
parts of the surface thus enhancing the development of 
fretting wear. 

The microscopic observations of the shaft and sleeve 
contact surface (fig. 14) have demonstrated the presence of 
wear products. In places, especially in the central part of 
the joint, visible are sizeable deposits of wear products 
which filled both the space between the shaft and sleeve, 
and the microgaps on the surface of the elements. Also 
visible are the disintegrated fragments of the shorn mi-
croirregularities on the surface of the elements, such mi-
croirregularities having the shape of small balls tending to 
move, which may cause additional microdamage. 

After surface hardening, the top layer is distinguished 
by high hardness, that is why intensive tearing off of the 
microprojections on the sleeve surface will take place when 
the shaft is pressed onto the sleeve, the hardness of the 
latter being nearly four times lower. Torn-off microprojec-
tions will gather in microgaps in the initial and partly cen-
tral part of the joint. As the sleeve front becomes closer, the 
quantity of wear products is reduced and the actual contact 
of the first bodies may be noticed. 

High shaft surface hardness in combination with insig-

nificant sleeve surface roughness parameters will cause the 
plastic deformation of the sleeve top layer during pressing, 
which may contribute to the initiation of fretting wear.  

Metallographic observations have demonstrated the 
microcracks of the top layer of the mating elements. Mi-
crocracks occur in the area where fretting wear traces are 
visible. Sample images on which shaft microcracks were 
recorded are presented in figure 15. 

Top layer plastic deformations arisen as a result of 
sleeve pressing onto the shaft, and the operation conditions 
of the tribological kinematic pair which cause shaft deflec-
tion during fatigue tests, have probably become the source 
of the initiation of fatigue microcracks of the top layer. 
Each time, the beginning of the microcrack occurs on the 
joint surface, and then develops at an angle deeper into the 
material. In some places, the chipping of the particles of the 
top shaft layer is noted, those particles then moving along 
and causing further damage.  

The shafts subjected to the surface hardening process 
became fatigue-worn and cracked at 8x107 cycles. Figure 16 
shows the sample macrographic images of the tribological 
kinematic pair fracture.  

The breaking mechanism was a classical one for the 
elements operating in rotational bending conditions. Two 
zones are conspicuous. Zone I (the fatigue fracture) is dis-
tinguished by a surface which is smoothed as a result of 
wall grinding in. The fatigue fracture occupies 85 % of the 

Fig. 14. The microscopic observations of the shaft and sleeve contact surface 

Fig. 15. Sample results of metallographic observations with the recorded microcracks of the shaft top layer  

TRIBOLOGIA - Finnish Journal of Tribology 1−2 vol 38/2021 18



 

Sławomir Kowalski. The analysis of fretting wear in forced-in joint with the induction-hardened shaft  

entire surface, which is the outcome of the loads with the 
preset value (400N) acting on the tribological kinematic 
pair and of the relevant stresses. Zone II (the ad-hoc frac-
ture) has the nature of a brittle fracture without visible 
plastic deformations. It is in that zone where the samples 
demonstrate a coarse-graded fracture, and visible on the 
surface are fatigue lenses which are situated under the 
hardened layer.   

Laboratory test results have confirmed the theoretical 
analysis claiming that fatigue cracks will occur at the place 
of stress accumulation. In the case under analysis, that 
place is the one where the shaft diameter changes. An ad-
ditional crack source, which could contribute to joint de-
struction, is microcracks resulting from the hardening pro-
cess and developing at the boundary of the core and 
strengthened layer. 

Based on the analysis of fatigue cracks, four peculiar 
phases of the fatigue phenomenon may be distinguished 
[18]: 

• plastic deformation of a local nature,  

• cyclical strengthening and weakening, 

• nucleation and microcrack development, 

• microcrack combination leading to a fatigue frac-
ture.  

Fatigue cracks come into being and develop along lost 
motion strips, whose rise is related to the free surface. The 
process of the creation of local plastic deformations is 
based on the “weak link” principle. The principle assumes 
that a single grain or group of grains on a surface of the 
material, under a variable load, operates in different condi-
tions than the operation conditions of the core of the mate-
rial. Located in a most disadvantageous position in relation 
to the load, those grains demonstrate lower strength than 
the surrounding ones. Such a zone deforms plastically, 
whilst the remaining part of the material continues to per-
form in the elastic deflection conditions [18].  

The relationship between average tangential stresses 
and the number of cycles is shown in figure 17. Based on 
the observations, three fatigue strength areas may be dis-
tinguished. In Area 1, which ends at approximately 7x102 
cycles, visible are numerous plastic deformations of insig-
nificant dimensions. In Area 2, plastic deformations are 
also noted, but their scale and sizes are considerably bigger 
than in Area 1. That phenomenon may be observed at the 
range from 7x102 to 4.5x105 fatigue cycles. Over 4.5x105 
cycles, Area 3 may be distinguished, in which fatigue 
cracking is accompanied by elastic deflection of considera-
ble greater magnitude than plastic deformation. Sample 
fracture takes place in that area at approximately 2x107 
fatigue cycles. It should be emphasized, however, that the 
values above are approximate because it is difficult to spec-
ify the range limits due to the lack of clear symptoms of a 
change of the phenomena accompanying cracking. 

Conclusion 

The purpose of the tests whose results are presented in 
this article was to assess the development of fretting fa-
tigue in forced-in joints subjected to loads generating the 
rotational bending moment, where the shaft top layer was 
subjected to additional treatment by induction hardening. 

The tests have demonstrated that all the tribological 
kinematic pairs had fretting wear traces which were one of 
the causes of the development of fatigue cracks. Those trac-
es occurred in the area of the sleeve and shaft joint edges 
each time. The amount of fretting wear intensity was diver-
sified and dependent on the final form of the top layer. The 
surfaces of the hardened shafts were characterized by 
smaller traces of wear. Non-hardened shafts are, however, 
distinguished by wear traces in the form of a ring of a con-
siderably greater width than hardened shafts, moreover, 
those traces are visible on either side of the axle seat. The 
place of wear confirms the fretting wear development 
mechanism described by the authors of [28], and also 
proves the correctness of the fatigue tests to have been con-

Fig. 16. Macrographic image of the tribological kinematic pair fracture 
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ducted. Material build-ups from the shearing of mi-
croirregularities on the surface of the elements being joined 
together are the main component of fretting wear. In addi-
tion to material build-ups, microcracks of the top layer and 
micropits at the surface of the elements are observed. 

In the case of forced-in joints, it is difficult to determine 
the wear precisely because joint disassembly is impossible. 
It is assumed, however, that the first wear traces appear at 
103 fatigue cycles. The investigations with a flow detector, 
at precisely that number of cycles, demonstrated insignifi-
cant defects which most probably originate from fatigue 
microcracks producing fretting wear. To confirm that, the 
joint would have to be dismantled and ultrasonic test re-
sults verified. As the main objective of these investigations 
was, however, to determine the influence of shaft surface 
hardening on shaft fatigue life and on the development of 
fretting wear, joint disassembly and reassembly would 
distort the image of wear due to the physical and chemical 
changes occurring during joint assembly and tests.  

Complex physical phenomena accompanying wear 
tests and the very process of sleeve pressing onto the shaft, 
which may include grooving, micromachining, oxidation, 
adhesion and friction, hindered the interpretation of the 
results. Any changes within the range of the accompanying 
phenomena may affect the development of fretting wear.  

The top shaft layer hardening process positively influ-
enced the development of fretting wear and shaft fatigue 
strength. The operation time needed to destroy the joint 
increased four times in relation to non-hardened shafts. 

Macro and microscopic observations of fatigue frac-
tures also demonstrated the presence of fatigue centres 
both at the place of the shaft section change and under the 
hardened layer. Cracks originated in the observed fretting 
wear zone, grew larger in time and moved to the place of 

change of the sample section, where stresses accumulated 
as a result of the existing engineering notch, which caused 
sample cracking.   
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