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Abstract: Mechanical couplings in engineering usually use interference fits to connect the shaft and
hub. A railway wheel axle is a press fit that is connected by interference and can be subjected to
bending stress. In loaded press fits, a high concentration of contact stresses can be generated in the
area of the axle-fillet beam, which in most cases leads to the failure of the axle due to fatigue and
fretting fatigues. Therefore, it is crucial to determine the ability of the press-fitted joints to provide
sufficient frictional resistance that can withstand the loads and torques by evaluating the safety
factor, especially when the mechanical or structural system is loaded. In this paper, the contact
pressure and stress distribution along the radius of the wheel axle are studied using the analytical
calculation of Lame’s equation, and the numerical method used is by ANSYS software. It was found
that interference fits have a great influence on the connection strength of interference fits, which are
directly related to the contact pressure. Increasing the interference increases the contact pressure,
which allows higher torque and load capacity to be transmitted. The finite element analysis showed
good agreement for the highest interference value of 230 um with a relative error of 1.4%, while this

error increased to the maximum relative error of 14.33% for a minimum interference of 100 um.

Keywords: press fitting; interference fit; railway wheel axle; contact pressure

1. Introduction

Interference-fit joints are commonly used in engineering constructions for connecting
the shaft and the hub [1]. Fit is the degree of tightness or looseness of two connected
mechanical parts by a radial pressure due to the interference size at their interface diame-
ter [2]. In addition to tightness or looseness, the movement of the two components can be
determined by the size of the clearance, i.e., whether the parts can move independently
from each other, or are temporarily or even permanently joined as solids to make both
mating parts move together [3]. Though interference is an effective way to transmit higher
torques, its disadvantage is that in some typical configurations, the disassembly is not easy,
or, in some cases, it is impossible.

An interference fit is a means of fastening two parts and it is achieved by friction
after the parts are assembled. The interference can be achieved either by press fit or shrink
fit methods. A press fit (also called force fit) is obtained by forcing a shaft into a smaller
hole by pressing it together using a hydraulic ram, while a shrink fit is produced either by
heating the members having the hole and allowing it to cool to the shaft under an ambient
temperature, or by cooling the shaft before assembly. Both enable changing the relative
size of the mating parts at the time of assembly [4]. Shrink fits are used to join small- and
medium-sized parts to reduce the need for a large interference fit and reduce contact stress.
Press fits are better suited for assembling larger parts where the use of shrink fits will cause
damage (higher temperatures can cause grain growth and the loss of desired mechanical
properties). Shrink-fit joints that are assembled by the use of heat can experience residual
stress which leads the contact mate to fatigue [5].
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The interference fit is widely used in many industrial fields for its high ability to
transmit an axial force or torque between a shaft and hub with the help of friction effects [6].
They are commonly used for heavy machinery and general machinery that can carry
a heavier load, as they provide a solid connection that may require significant force or
potential machine operations to separate them, making press-fit more advantageous than
key or pin connections [7]. They have excellent load-bearing ability under both static and
dynamic loading conditions, so have been used in many engineering fields [8]. Since there
are no additional fasteners, these connections are also simple and quick to make, and
therefore relatively inexpensive. The strength of such assemblies is influenced by several
factors, including the degree of interference, the physical dimensions, material qualities,
surface roughness, and geometrical defects of mating elements [9]. Typical applications of
interference fits are found in railway wheelsets [10], turbine disks, crankshafts-belt, pulleys,
flanges, shaft bearings, and gear assemblies [11]. Increased interference fit increases the
connection’s strength to its maximum, and rigidity has a significant impact on the strength
of the joint when the hub and shaft are manufactured from different materials. To increase
the strength of the shaft, it is necessary to increase the thickness of the shaft and decrease
the thickness of the hub [12]. The relative displacement of press-fitted parts is therefore
prevented by the forces due to the elastic compressive deformation in the shaft and tensile
deformation in the hub, which are proportional to the extent of interference between the
joints, and this is used to control the failure of the vibration displacement [12].

In railway applications, press-fitted parts such as wheels or a driving gear unit are
installed in axles with interference fit, i.e., they have slightly smaller diameters than the axle
seats. In press-fitted connection, higher radial pressure is generated at the contact interface
(the outer diameter of the shaft and the inner diameter of the hub), making the mating parts
tightly hold each other, and it is used to transmit torque or movement [13]. The way parts
are held together can vary depending on interference at the wheel axle [14]. In particular,
one of the disadvantages of interference fit joints in railways is the high preload of the
parts around the contact area (interference fit), which occasionally leads to the failure of
parts due to fatigue or fretting fatigue, which often initiate cracks at the interference fit [15]
and axle fillet roots [16]. Since the failure of an axle, wheel, or bearing inevitably leads
to the derailment of a train, the study of wheelsets is of paramount importance for the
safe operation of trains [17]. The wheelset is an extremely important component of the
railway wheel and axle system, and it is critical as the contact easily initiates crack [18].
Interference also has a significant impact on contact pressure, which plays a major part
in fretting fatigue [19]. Increasing interference can result in higher contact pressure and
also reduce the friction coefficient. This friction reduction is caused by the local yield of
material and makes small cracks between the contact surfaces, which have a negative
influence on the connection strength [20]. Once assembled, the interference fit could fail
due to fretting wear and fretting fatigue, which is a type of fatigue where the parts have
relative movement between compressed parts that bring wear. The failure is the gradual
deterioration of parts where fretting is worn, which enables the loss of contact pressure
between contacting pairs [21].

In railway systems, research on wheel axles began after a train broke its axle, causing
a derailment in the United Kingdom. This encouraged a new area of research in railroads
into axle safety and the application of a hierarchical approach to safety based on the “safe
life” method. To detect rail flaws before a rail failure, railroad companies conduct regular
inspections of their rails using nondestructive technologies (NDE). The NDE techniques
commonly used for rail maintenance are eddy current inspection, visual camera, mag-
netic inspection, and ultrasonic inspection, to name a few. Among these techniques, the
ultrasonic inspection-based technique is the most commonly used for performing routine
inspections [22].

Axle failures can be caused by mechanical loads, electrical arcing, wear, and corro-
sion [23]. Most often, they are subjected to a large number of repetitive loading cycles,
transitioning from a compressive state to a tensile state of equal magnitude. The press fit
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between axles and wheels can introduce compression stresses beneath the press fit and
axial tensile stresses in the fillets, which could contribute to the fretting corrosion fatigue
due to the micro-slip between the press-fitted parts after several cycles. Fretting is damage
that occurs when short-amplitude reciprocating sliding load between contacting surfaces
is sustained for a large number of cycles that results in two forms of damage: (1) surface
wear and (2) the deterioration of fatigue life. Fretting damage can be classified into fretting
fatigue, fretting wear, and fretting corrosion. In the case of fretting wear, the associated
production of debris leads to a loss of fit between contacting surfaces [24]. The maximum
contact pressure within the mating surface is the main parameter controlling the develop-
ment of fatigue crack initiation at the wheel seat, and friction also has tiny axial flaws for
failure [25]. In addition, compressive residual stresses induced by surface hardening can
bring about fretting fatigue at the seat [6].

The possibility of relative motion is controlled by the friction coefficient, the normal
pressure, and the surface roughness; therefore, one could argue that the contact pressure at
the inlet to the contact should be high. The most dangerous part of the wheel axle press
fit is the edge of the contact between the axle and the wheel hub, where fatigue cracks
can occur due to the high probability of stress generation. Due to the discontinuities in
contact geometry, stress concentrations occur at the contact edges of the axles and failure
starts in the areas where these stress accumulations are present [14]. Stress accumulation is
the result of loading geometry, surface quality, corrosion effect, material failure, and the
heterogeneity of the microstructure. In addition, the contact edge area is vulnerable to
fatigue cracking as a result of mutual slip under external rotational bending and vibration
stresses. The simultaneous actions of contact pressure and relative displacement between
the contact surfaces can damage the contact surfaces of the mating components in the forms
of wear, oxidation, and crack nucleation [26]. So, to avoid all these cases, the study of the
contact pressure between the interference fits during the assembly of the parts is crucial,
since the slippage and displacement of the parts can be calculated based on the size of
the interference.

Based on the above literature, studies on the interference fit are very important for the
design, safety, and efficiency of the interference fit, since the interference fit in the joint is
used to control the torque transmission capability and residual stress of the interference fit.
In the control of cracks caused by stress concentration, the magnitude of the pressure that
develops between the press fit is studied using theoretical and numerical models along the
contact area to ensure an adequate contact area, contact pressure, and equivalent stress,
which are used to determine the strength of the parts by using interference fits. In this paper,
the analytical calculations based on Lame’s equation and numerical investigation using the
finite element method (FEM) are carried out for the railway wheel axle interference. The
goal is to see the effect of interference on the contact pressure distribution of a wheelset
connection having 22.5 tons of carrying capacity.

2. Theoretical Analysis of Press-Fitted Joints

The wheelset can be formed by press-fitting or shrink-fitting depending on the force
applied to them. In press-fitting, pressure is applied to the wheel hub to force it onto
a slightly larger diameter axle, thus leading to contact. In press-fitting contact, there is
external pressure which acts on the axle wheel seat, and internal pressure acts on the wheel
hub, which is equal and opposite at the contact surface in the wheelset, when it is assumed
that the axle and wheel are composed of the same material. The outboard wheelsets used
have great design freedom with a large space envelope to distribute the moment through
the axle that needs more attention in the design of interference. The design philosophy is
based on Lame’s solution for the thick-walled cylinders taking a state of plane stress both
in the axle and in the wheel [27]. The calculation of pressure for the design can depend
on the inner and outer diameter of the wheel and axle, and the interference size, which
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can change the value the most. The geometric model of the wheel and axle assembly is
illustrated in Figure 1a with the dimensions used for analysis.
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where P = contact pressure after assembly, E = elastic modulus, ¢ = interference, r;, = outer
wheel diameter, 7, = outer radius of the axle, and r;;, = inner radius of the axle.
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Figure 1. (a) Half-wheel axle geometry with dimension. (b) Acting pressure on seats (P; = internal
pressure on wheel, P, external pressure on wheel and ¢ = interference).

For the wheel and axle having different materials and for the axle of a hollow type,
the pressure distribution given by Equation (1) is not valid. Instead, Equation (2) is used.

p_ 9 @)

2 2 2 .2
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where P = contact pressure after assembly, E;, = wheel elastic modulus, E, = axle elastic
modulus, § = interference, r,, = outer wheel diameter, r, = outer radius of axle, and
ti; = inner radius of the axle.
The contact pressure in the thick-wall cylinder is used to compute the radial stress and
the tangential stress depending on the applied pressure, which is the internal and external

pressure acting on the cylinder. The equation to compute this stress distribution is given by
Equations (4) and (5).
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where § = interference; r, = wheel radius; 7, = axle radius; r;, = axle inner radius;
E = Young’s modulus; v = passion ratio.

The above equations (Equations (3) and (4)) can be computed in the cylindrical applied
pressure case where only one cylinder is considered. But, in the case of wheel axle press-fit
connection, as depicted in Figure 1b, there are two applied pressures which are an inner
pressure acting on the wheel and an outer pressure on the axle, so the above equations are
modified in the case of a press fit.

2.1. Wheel Internal Pressure

The railway wheel hub is subjected to an internal pressure from that of the axle while
the external pressure is zero (Figure 2a). In the case of wheel internal pressure, radial stress
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is equal to the opposite, with a minus sign, of the pressurization at the inner diameter and
zero in outer diameter as there is no pressure applied on the outer surface.

(b)

Figure 2. Pressure distribution on (a) wheel internal pressure and (b) axle external pressure.

In this case, the radial (0;) and tangential or hoop (0}) stresses are expressed as

2 2
o = - 1 v ) %)
2 2
Ta”"Pi Tw
= ——(1+ — 6
Ot 2 — 7’412( + 2 ) (6)

where p; = internal pressure (MPa), x = radial distance (mm), ry, = wheel radius, and
r, = axle radius

2.2. Axle External Pressure

The railway axle is subjected to the external pressure (p,) from that of the wheel and
bearing so that the internal pressure is zero, as shown in Figure 2b. In the case of axle
external pressure, the radial stress is equal to the pressure at the outer diameter, but with
a minus sign, and zero at the inner diameter as there is no pressure applied at the inner
surface. This stress distribution is given by

2 2
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where p, = outer pressure (MPa), x = radial distance (mm), r, = outer radius of axle, and
r; = inner radius of axle.

3. Material Composition and Modeling Approach
3.1. Material of Railway

Railway wheels and axles are usually made from material compositions having a
greater resistance to wear, hardness, and ductility such as carbon, manganese, silicon,
chromium, and molybdenum alloys. The Ethio-Djibouti railway is a Chinese product, so
according to the China National Railway standard, which is the International Union of
Railway (UIC), the material used for the wheel hub is R7T steel grade, and for that the axle
A1N is used (Table 1). The mechanical properties of the materials used are also listed in
Table 2.
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Table 1. Chemical composition of the steel used for the wheel and axle.
Name Grade C Si Mn P S Cr Mo Cu \Y% Ni
Wheel R7T 0.52 0.4 0.8 0.04 0.04 0.3 0.08 0.3 0.05 0.3
Axle AIN 0.37 0.46 1.12 0.04 0.04 0.3 0.05 0.3 0.05 0.3
Table 2. Mechanical properties of the steel used for the wheel and axle.
Name Yield Strength (MPa) Ultimate Tensile Strength (MPa) Elongation (%)
Wheel 560 820-940 14
Axle 320 520-650 22

3.2. Tolerance

Tolerance is a dimension’s total permissible deviation form (acceptable measurement
range from the basic or nominal dimension). In other words, it is the difference between a
measure’s upper and lower limit. Since it is impossible to obtain everything with an exact
measurement, tolerances are used on production drawings to control parts, ensuring the
stability and reliability of the assembly. The satisfactory operation of a machine depends
largely on the proper fit between the various machine elements. Therefore, tolerances
are used to control deviations in material properties, inherent inaccuracies in production
machines, and operator errors [28]. The interference between the wheel and hub can
be calculated via the tolerance fit method using the nominal diameter (202 mm) of the
axle, which was taken from the UIC standard. Using this nominal diameter, the standard
tolerances for the hole and axle can be calculated, which are 0.072398 mm and 0.046335 mm
for hole grade 8 and axle grade 7 selected for force fit on ferrous parts for permanent
assembly. The parts in the assembly have a tolerance of 202 H8/t7, with the calculated
lower and upper limits shown in Table 3.

Table 3. Tolerance limits of wheel and axle for tolerance setting of H8t7.

Name Lower Limit (mm) Upper Limit (mm) Value
Wheel 200 200.0724 20070724
+0.2263

Axle 200.18 200.2263 2007 073

In press-fitted assembly, the axle diameter is larger than the wheel hub diameter, so
from Table 3, it is possible to calculate the maximum and minimum interference fit used in
connection, as given in Table 4.

Table 4. Interference value.

Interference Formula Value (mm)
Minimum D — du —0.10758
Maximum Dy — d; —0.2263

where Dy, - lower/upper limit for a hole; d;/,, = lower/upper limit for a shaft.

3.3. Finite Element Analysis

Finite element analysis was used in this study to analyze the press-fit interference’s
stress distribution and deformation on the railway wheel and axle. The geometric model
of the wheel and axle assembly is modeled using the finite element method as shown in
Figure 3 and ANSYS v 22.1 for the simulation system used. The contact algorithm, mesh
size, and simulation options are taken into consideration using the axisymmetric condition
of the model, and a quarter of the connection was modeled with hexahedral elements to
reduce the computational time. In this study, the rim-type wheel with a 920 mm diameter
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and 202 mm inner diameter was used with the same dimensions used in Sitarz et al. [29],
which were also used in Marshall et al.’s [30] experimental work. Hollow-type wheel axles
with an inner diameter of 40 mm and an outer diameter of 202 mm and a total length of
2180 mm have a contact length of 180 mm between the wheel and the axle mount. For both
the material properties of the wheel and the axle, a linear elastic material behavior with a
Young’s modulus of 210 GPa and Poisson’s ratios of 0.3 and 0.26 for the wheel and axle,
respectively, is defined. The maximum and minimum interference used between the axle
and wheel are 230 pm and 100 pm, respectively.

Figure 3. The geometry of the wheel and axle assembly.

The wheel and axle contact area meshed with a contact sizing mesh of 1 mm element
size between contact until the stress and contact pressure changed, and this was lower than
2% with 5 mm mesh for the others to reduce the computational time. The total numbers
of elements and nodes are 650,624 and 2,755,675, for the wheel and axle, respectively. The
contact surface interaction between the axle wheel seat and wheel hub was defined using a
frictional contact algorithm: namely, the wheel hub surface was the target body, and the
axle wheel seat surface was the contact body. A contact interaction property was defined as
an Augmented Lagrange, and the coefficient of friction was set to 0.2 to ensure tangential
behavior, and the normal stiffness value of 0.01 was used in the analysis. The quarter model
of the geometry is used in simulation with the axisymmetric to obtain the exact result by
reducing computational time.

The geometric dimensions of the shaft and hub are shown in Figure 3. The element
size was set as 0.1 mm. For the axisymmetric characteristic of the model, only a quarter of
the connection was modeled with hexahedral elements.

4. Discussion of Results

In this study, the contact pressure distribution was calculated using Equation (1) over
the contact area, and the result found from the equation is listed in Table 5 for the sake of
numerical comparison. The pressure distributions for different values of the interference
and the distribution along the contact length are plotted in Figure 4, and a higher contact
pressure is found at the contact middle length of 70 mm away from the edge wheel flange.
Pressure distribution that is found using Equation (1) is also used for the computation of the
radial and tangential stress along the radius by Equations (5) and (6), for internally applied
pressure in the case of the wheel and Equations (7) and (8), and for the externally applied
pressure in the case of the axle. The analytical result calculated using Lame’s equation
and the numerical result from ANSYS are compared for different interference values with
relative error. The relative error of maximum interference of 230 pm (or 0.23 mm) pressure
is 1.40% for analytical and numerical, and the error increased to 14.33% for the minimum
interference of 100 um (or 0.1 mm), which is also acceptable as it is less than 15%. When
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compared with the work of Marshall et al. [30], which was studied for 250 um interference
with a surface roughness of 1.5 um for steel material, studied by the same author in
2006 [31], and using ultrasonic inspection for measuring the contact pressure of the wheel
hub-axle press fit, a contact pressure of 111 MPa was found, almost equal to the analytical
one, but lower due to the roughness effect. For the numerical and analytical case, the
relative error increases when the interference is decreased for the same mesh.

Table 5. Analytical and numerical pressure computation.

Analytical Result Numerical Result . o
Interference (um) (MPa) (MPa) Relative Error (%)
230 107 108.48 1.40
200 93.1 96.95 4.13
150 69.9 74.66 6.80
100 46.6 53.28 14.33

120

—Inter 230 pm |~
——Inter 200 pm
|=—TInter 150 pm

——Inter 100 pm

-

[=

o
L

o
(=}
I

Contact Pressure (MPa)

20 1

20 40 60 80 100 120 140 160 180
Wheel-axle contact length (mm)

o

(a)

64134
57.822
51.489 Min

(b)

Figure 4. (a) Contact pressure distribution at 100 um, 150 pm, 200 pm, and 230 um. (b) Contact
pressure distribution along axle wheel seat at 230 um interference.

Analytical results for interferences of 230 um, 200 pm, 150 pm, and 10 um are calcu-
lated using Lame’s equation and compared to the simulated results, as shown in Figure 5a,b
and Figure 6a for radial stress, tangential stress, and von Mises stress, respectively. As
can be seen from the figures, all radial, tangential, and von Mises stresses increase with
increasing interference. At the interface of the wheel axle, radial stresses have minimum
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value and maximum tangential stresses. It can be observed that the von Mises stress is
maximum at the inner radius of both the wheel and axle. The analytical and numerical
results are also compared for the interference at 230 pm, the results of which are shown in
Figures 6b and 7a,b for the radial stress, tangential stress, and von Mises stress, respectively.
As depicted in Figure 6b, for radial stress, the plot of the numerical result is not linear (as
shown in the encircled expanded view) because of the effect of the wheel width change
at a distance of 140 mm radii from the wheel hub to the wheel plate. On the other hand,
the analytical result is linear for the wheel since analytical calculation cannot consider
the change in width but considers it as a uniform cylinder over the given radius. As a
result, the radial stress obtained by the numerical analysis significantly deviated from the
analytical results (indicated with red circle in Figure 6b. The radial stress is zero at the inner
surface of the hollow axle and the outer surface of the wheel since they are unpressurized
surfaces. Tangential stress is also at its maximum at the outer surface and minimum at the
inner surface of the axle. But, it is maximum at the inner surface and minimum at the outer
surface of the wheel.

0 \ ' ' : 150
= -~ N A
_20f = Inter 230 um]|| 100 - ]
==Inter 200 um
v _sol Inter 150 pm| 3 | 1
v 0]
2 —Inter 100 pm| = oF |
% p—
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g 5
& -8of 1 201001 1
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-120 : : : ' -250 : : : :
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Wheel-axle Radius Wheel-axle Radius
(@ (b)

250

Figure 5. Analytical (a), radial stress, and (b) tangential stress along wheelset radii.
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Figure 6. (a) Equivalent von Misses stress along wheelset radii and (b) radial stress distribution of
230 um interference.
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Figure 7. (a) Tangential stress distribution of 230 um interference and (b) equivalent von Mises
distribution of 230 um interference.

The results from the finite element analysis on the wheel and axle assembly are shown
in Figure 8. As can be seen in Figure 8a, the minimum radial stress is at the interference
fit, which confirms that the maximum tangential stress and von Mises equivalent stresses
of the analytical results are at the wheel hub bore, as can be seen in Figures 8b and 8c,
respectively. The axial stress (Figure 8d) also appears at the wheel hub, but the value is
much lower than the equivalent von Mises stress. The deformation of the interference fit
decreases with increasing interference since the pressure between the joints is higher at
this location. The maximum deformation, as can be observed from Figure 9, at 230 pm
interference is 13 pm.

-16.697
-29.943
-43.188
-56.434
-69.68
-82.925 -93.3%4
-96.171 -143.74
-109.42 Min -194.08 Min

(d)

Figure 8. Stress distribution at 230 um interference: (a) radial stress, (b) tangential stress, (c) von

Mises stress, and (d) axial stress.
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Figure 9. Deformation distribution at 230 um interference.

5. Conclusions

In this study, results from a numerical analysis using the FEM tool and calculated ana-
lytically using Lame’s equation of a thick-wall cylinder for contact pressure are compared.
The results agreed well with a 1.4% relative error for the largest interference (diametral
difference), which is 230 pm, while the relative error of contact pressure increased with a
decreasing contact diameter by 14.33% relative error for the smallest interference of 100 um.
In general, this implies that the results are considerably acceptable. So, for the press-fitting
analysis of the wheel and axle, Lame’s idea for a thick-walled cylinder is effective. From
the contact pressure results, tightening pressure decreases as the interference size decreases,
which shows that interference has a direct effect on the life-cycle estimation of press-fitted
parts. The numerical results, in all cases, show higher values than analytical results, which
can be attributed to the fact that the wheel and axle are regarded as typical cylinder surfaces,
as well as the fact that the assembly parts have a complicated geometry. These findings
demonstrated that the tangential stress, which was the highest of the three main stresses,
was generated at the contacting surfaces of the wheel hub.

Deformation during press-fitting along the radial axis was unfavorably affected and
strongly depended on the contact pressure at the wheel and axle interface. One of the
study’s most important conclusions is that when interference increases, it can transfer a
higher torque with high contact stresses failing at the point of stress concentration, while
lower clearances cause slippage. Therefore, press-fitted components benefit from having
medium clearances. Taken together, these results suggest that the press-fit effect should be
accounted for in a railway axle design.
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