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Abstract: The interference fit is a common process for the assembly of mechanical parts on
a shaft for diverse mechanical engineering applications. One of the manufacturing methods
consists of introducing a shaft into a hub by applying a force being the hub diameter lower
than the shaft diameter. This way, contact pressure is generated at the shaft–hub interface
at the end of the process, enabling torque transmission. Thus, a non-uniformly distributed
stress state appears at the shaft–hub interface with significant stress peaks at the hub edges.
In addition, as a consequence of the manufacturing process, local plasticity is generated
in the hub on the insertion side causing changes in stress distributions. In this paper, an
analysis based on finite elements simulations is carried out to reveal the influence of, on one
hand, manufacturing parameters such as friction on stress concentrations at the interface
and, on the other hand, geometrical parameters such as hub chamfer angle, considering
chamfer hubs and conventional hubs. To achieve this goal, different simulations of the
mechanical manufacturing process of the axial assembly of press fits are carried out to
reveal the stress fields at the interface. Thus, stress concentrations under different friction
conditions from a case without friction to a dry friction case are revealed and analyzed.
The results show, on one hand, the friction coefficient as a highly influential factor, causing
asymmetrical stress distributions with high stress concentrations that reduce the mechanical
performance of press fits and, on the other hand, the beneficial impact of chamfer hubs for
lowering stress concentrations.

Keywords: press fit; friction; chamfer hub; stress reduction; stress concentration factor

1. Introduction
A widely used method for the assembly of mechanical parts consists of the axial

insertion of a shaft, with an oversized diameter, into a hub, with an undersized diameter,
resulting in the so-called press fits. Hub is the common term for referring to multiple
mechanical components, such as pulleys, gears, wheels, bearings, etc. [1–4]. The force
applied to the shaft during the assembly of a press fit is dependent on the contact pressure
at the interface and on the shaft and hub friction coefficient [5–9]. In addition, friction
is also an influencing parameter on the maximum transmitted torque of the assembled
fit [2,10–13]. Friction is a complex phenomenon that is affected by multiple factors, such as
the type of materials [14,15], surface roughness [16,17], type of lubrication, etc. At the end
of the press fit assembly, a stress field appears at the shaft–hub interface due to the different
diameters of the hub and shaft, resulting in contact pressure at the interface. Equations
derived from the thick-walled pressure cylinder theory considering the same length for
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the shaft and hub are used for the design of interference fits, allowing the estimation of the
resulting stress state. According to these equations, the radial, tangential, and von Mises
stresses are uniformly distributed at the shaft–hub interface [18–21]. In addition, the axial
stress is considered negligible. However, the estimation given by theoretical equations is
not realistic since high stress concentrations (SCs) appear at the hub edges [22–27] due to
the fact that, in practice, the length of the shaft exceeds the length of the hub. Furthermore,
the design equations for press fits do not consider the manufacturing-induced plastic
strains caused by inserting the shaft axially into the hub [28–31] and, in addition, such
equations do not take into account the role of friction in stress distributions [32]. This
way, manufacturing-induced localized plastic strains can modify stress distributions at
the interface causing a reduction in the contact pressure or even zones without contact
between the hub and shaft. Consequently, the existence of both SC and plastic strains
can affect the mechanical performance of the interference fit. As a result, non-desirable
phenomena such as vibrations [33], fretting fatigue [34–39], or fretting wear [40–43] can
appear, leading to crack initiation and growth [44–48] and causing the final failure of these
mechanical components.

Therefore, the assembly process of press fits produces a non-uniformly distributed
stress at the shaft–hub interface with high SCs at the hub edges that are not considered
in design equations. Different design methods were developed with the aim of relieving
such SCs, mainly consisting of geometrical modifications [49] of the hub. Thus, simple
geometries such as round grooved hubs [50,51], chamfer hubs [52,53], or contact pressure
rings [54] are commonly used for this purpose. However, more complex modifications
are also considered, such as hubs with an exponential variated thickness in the radial
direction [55], hubs with a variable radial interference [53], or functionally graded ma-
terials [56,57]. Commonly the SCs located at the hub edges of press fits are determined
by finite element method (FEM) numerical simulations [14,40,58–61] since the stress state
estimation at the hub–shaft interface shows serious difficulties.

In a previous study [32], the influence of friction on the contact pressure at the interface
was analyzed for conventional and chamfer hubs. The results obtained revealed that the
friction coefficient is a key factor that notably modifies the contact pressure (opposite
to radial stress) at the shaft–hub interface. However, the analysis was limited to radial
stress, and no additional information about tangential, axial, or von Mises stresses or stress
concentration factors (SCFs) was revealed in such a study. In addition, the beneficial effect
of chamfer hubs was revealed in [52] without considering the manufacturing-induced
effects in terms of plastic strains on stress distributions. This study tries to fill this gap
by analyzing the effects of manufacturing-induced plastic strains and friction on stress
states and, from them, to provide an estimation of the SCFs that can be useful for designing
press fits.

This way, taking into account the influence of both friction and hub geometry on
SCs in a press fit, it is relevant to analyze the effects of such factors on manufacturing-
induced stress fields at the shaft–hub interface of a press fit considering different friction
conditions and diverse hub geometries. Thus, SCs could be quantified, and, hence, a more
accurate estimation of the stress fields could be considered for designing press fits for both
conventional and optimized hub geometries. This way, the aim of this study is to analyze
the effects of friction on SCs at the shaft–hub interface of a press fit while considering the
manufacturing-induced friction effects in conventional and optimized chamfer hubs. To
achieve this goal, different numerical simulations of the press fit assembly were simulated
by FEM to reveal the stress field while considering different chamfer hub geometries and
friction conditions.



Lubricants 2025, 13, 231 3 of 22

2. Materials and Methods
Classical thick-walled cylinder theory [10,18] provides different equations used in

press fit design for estimating contact pressure (p), assuming identical materials for shaft
and hub:

p =
E δ

2 R

(
1 − R2

r2
o

)
(1)

where E represents the Young modulus, δ denotes the radial interference, R is the radius at
the shaft–hub interface, and ro is the outer radius of the hub.

The contact pressure induces stress distribution within the shaft and the hub. Based
on the theory, (i) radial stress is the negative of contact pressure, (ii) the axial stress is null,
and (iii) the tangential stress is defined by [10,18]:

σr,o = −p (2)

σt,o =
p R2

r2
o − R2

(
1 +

r2
o

R2

)
(3)

This way, the von Mises stress can be obtained by the following expression:

σvM,o =
p R2

r2
o − R2

√
1 + 3

(
r2

o
R2

)2

(4)

These equations are derived based on two key assumptions: (i) the axial lengths of
the shaft and the hub are identical, and (ii) the plane strain condition of elasticity theory is
applicable. The maximum transmittable torque (T) is expressed as a function of the friction
coefficient (µ), the contact pressure (p), and the hub’s geometry: hub length, L and radius at
the hub–shaft interface, R [10,18], as follows:

T = 2π R2µ L p (5)

Finite Elements Numerical Modeling

The 40H7/s6 hard press fit, as defined by the ISO standard [62], is appropriate for
applications needing torque transmission and rotational connection between a shaft and
hub. This study utilizes dimensions from prior research [32], with the same hub length as
the shaft diameter (L/d = 1) and a shaft length twice the hub length (l/L = 2). Specifically, the
reference case includes a solid shaft (R = 20 mm, l = 80 mm) and a hollow hub (L = 40 mm,
ro = 40 mm). Based on the interference fit tolerances, the maximum radial interference for a
40H7s6 interference fit is 29.5 µm.

A simple geometric variation in a conventional hub is the so-called chamfer hub,
where a chamfer is introduced at the hub edges. For characterizing such a geometry, a
single additional parameter is needed, the chamfer angle, α. This angle is determined
by the ratio of the axial chamfer length, lz, to the hub thickness, t, (Figure 1), expressed
as α = arctan(lz/t). The limit case, where lz equals half the interface length, yields the
maximum chamfer angle, αmax = arctan(L/2t). For this analysis, a range of chamfer angles
was investigated, spanning from 0◦ (representing a standard hub) to 20◦, with specific
values of 5◦, 7◦, 9◦, 10◦, 12◦, 15◦, 17◦, and 20◦. Chamfer angles exceeding 20◦ were not
considered due to practical limitations in upper hub width. To isolate the effects of chamfer
angle on contact pressure, a constant contact hub length, L, is considered for all cases of
the study.
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Figure 1. Four-node quadrilateral element mesh used in simulations identifying the dimensions and
boundary conditions applied showing the detailed views of insertion hub edge A, the exit hub edge
B and the midpoint of interface C.

For the shaft and hub components, AISI 1080 steel was selected, with material prop-
erties defined as follows: Young modulus, E = 200 GPa; Poisson ratio, ν = 0.29; and yield
strength, σY = 585 MPa. The material’s constitutive behavior was modeled as elastoplastic,
incorporating the J2 yield criterion for accurate stress predictions. To leverage the revolute
symmetry of the shaft–hub assembly, an axisymmetric finite elements (FE) model was
developed, significantly reducing computational demands. Boundary conditions were
implemented to constrain radial displacements along the shaft’s central axis and axial
displacements at the hub’s insertion-side edge (Figure 1).

Two distinct simulation approaches were considered: static and dynamic. In the
static analysis, radial interference was introduced using a specific function included in the
MSC.Marc 2023 FE software, for simulating the resulting stress distributions. The dynamic
approach simulates the press fit assembly process by applying a linear time-dependent
displacement (u(t)) to the shaft’s insertion point that forces the shaft to pass into the hub. To
ease shaft insertion, a 7% conical chamfer was included at the hub’s entry. Coulomb friction
was modeled at the contact interface, and diverse friction coefficients were considered to
reveal the influence of such factors on stress distributions.

A four-node quadrilateral elements mesh was generated for both components, with
mesh refinement strategically concentrated at the shaft–hub interface to enhance accuracy
in critical regions while minimizing computational cost. To ensure solution convergence,
a mesh refinement study was performed utilizing a mesh factor, Km, defined as the ratio
of the current mesh’s element count to that of a base mesh. The element density was
systematically increased by doubling the number of elements (Km = 1, 2, 4, 8, 16).

Validation of the numerical results was conducted by comparing radial stress values
at point C, the midpoint of the shaft–hub interface (Figure 1), with theoretical predictions
derived from Equation (1). The relationship between radial stress, relative error, ε, and the
Km is visualized in Figure 2. Based on this analysis, a mesh consisting of 4900 elements
(5187 nodes) was chosen for static simulations, resulting in a relative error (ε) of approxi-
mately 5%. For dynamic simulations, a mesh of 4736 elements (4958 nodes) was deemed
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sufficient; it also yielded a relative error (ε) of approximately 5%. The element dimensions
at the contact interface were maintained at 0.8 mm × 0.8 mm for both mesh configurations.
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Figure 2. FE convergence testing and estimated error for dynamic FE simulations at point C placed
in the middle of the shaft–hub interface.

3. Results
The manufacturing process of press fits generates plasticity at hub edge A, as was

analyzed in previous studies [32]. This way, for achieving reliable results, the stress
analysis obtained by the press fit assembly FEM simulation must consider the elastoplastic
behavior of both the hub and shaft materials. Thus, for a better understanding of the stress
distributions appearing in the interface of a press fit, different approaches are considered, as
follows: (i) the theoretical stress uniformly distributed throughout the shaft–hub interface;
the numerical FE simulations of (ii) the static case, considering the hub and shaft already
assembled, i.e., without manufacturing effects; and two dynamic cases where the press fit
manufacturing process is simulated, considering (iii) the linear elastic materials behavior,
ignoring plasticity effects, and (iv) the dynamic case where the elastoplastic materials
behavior is considered, revealing the effect of manufacturing-induced plasticity on stress
distributions. Friction was omitted from all the simulations, as its influence on the stress
fields is addressed in Section 3.2.

3.1. Shaft–Hub Interface Stress Distributions

Figure 3 shows the shaft–hub interface stress distributions after the assembly process
considering a conventional hub without friction. According to the obtained results, the hub
stress distributions comprise three different zones: (i) the insertion zone where a huge SC
is located, (ii) the middle zone where the stress distributions are similar to those predicted
by theory, and (iii) the exit zone of the shaft where a high stress appears. This way, in
Figure 3a, Figure 3b, Figure 3c, and Figure 3d are shown the radial, tangential axial, and
von Mises stress distributions, respectively, for the three different approaches considered in
simulations nearby the insertion zone, and Figure 3e, Figure 3f, Figure 3g, and Figure 3h
show the same stress distributions at the exit zone of the shaft.

Regarding the radial stress, the static case and the dynamic case without considering
plasticity predict similar SCs at hub edge A and hub edge B. Nevertheless, when the plastic
behavior is considered, key changes are observed. At the insertion hub edge (Figure 3a),
the point of maximum radial stress moves to a more internal location on the interface.
This maximum radial stress is higher (50%) than that obtained using both the linear elastic
approach and the static approach. On the other hub edge (point B), the radial SC (Figure 3e)
is slightly higher (10%) than the one obtained with the other approaches, but in this case,
the maximum stress value is located at the hub edge.
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Figure 3. Shaft–hub interface stress distributions after assembly for different numerical simulation
approaches: static, dynamic linear elastic (LE), dynamic elastoplastic (EP); values given by theoretical
expressions: (a) radial stress left side (insertion); (b) radial stress right side (opposite to insertion);
(c) tangential stress left side; (d) tangential stress right side; (e) axial stress left side; (f) axial stress
right side; (g) von Mises stress left side; (h) von Mises stress right side.
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With regard to tangential stress, a similar effect of plasticity is observed (Figure 3b,f).
The linear elastic dynamic and static approaches provide similar distributions with positive
values at the insertion zone reaching a minimal value at the hub edge. At the zone close to
hub edge B, the stress distributions are similar to the ones observed at the insertion zone.
However, significant differences are observed for the elastoplastic dynamic approach. The
tangential stress is negative nearby hub edge A, reaching the maximum stress value at
inner points for a depth similar to the one obtained in the radial component. At the outside
zone B (Figure 3f), the tangential stress is slightly increased with regard to the values given
by the other approaches.

According to theory, axial stress should be null. However, a slight tensile axial stress
is obtained for the static case that can be considered negligible (Figure 3c,g). In the case
of the linear elastic dynamic approach, an asymmetrical distribution is obtained with a
high negative axial stress at hub edge A resulting from the shaft’s insertion into the hub. In
the dynamic elastoplastic approach, the maximum axial stress of a compressive nature is
obtained at inner points close to the insertion hub edge with a value close to zero at the
hub surface. The compressive stress values are significantly higher (two times) than the
ones obtained with the other approaches. On the opposite side B, the axial stress is similar
to the values obtained with the other approaches with a slightly higher value.

Finally, for the von Mises stress (Figure 3d,h), the approaches where the elastoplastic
behavior is not considered lead to similar symmetrical distributions reaching equivalent
values on both sides of the hub. For both cases, the maximum values are located at the hub
edges with low SC. However, the plasticity effect is shown in the distribution corresponding
to the elastoplastic dynamic case where the location of the maximum stress shifts towards
the inner points of the interface and values equivalent to that given by theory are obtained
at inner points of the shaft–hub interface. Finally, the stress distribution at hub edge B
(Figure 3h) is similar to the distributions obtained with the static and linear elastic dynamic
approaches, reaching a slightly higher value.

To go further in the analysis, the radial, tangential, axial, and von Mises stress fields
produced by the manufacturing of a press fit with a chamfer hub (α = 12◦), considering
both a frictionless case and a case with dry friction (µ = 0.3), are shown in Figure 4. In this
manner, the effects of the chamfer angle and friction are qualitatively analyzed. The radial
stress field (Figure 4a) shows, on one hand, an asymmetrical distribution of stress with a
high SC near hub edge A caused by the local effect of manufacturing-induced plastic strains.
On the other hand, the SC at hub edge B is significantly lower, and the stress distributions
at the inner points are uniformly distributed at the interface. For the case considering a
conventional dry friction coefficient (Figure 4b), significant changes are produced. Firstly,
the SC is higher at hub edge A, and it is extended over a wider zone, including deeper
points at the interface. However, the more significant change is produced on hub edge B,
where the SC is significantly decreased to disappearance. At the mid-points of the interface,
the stress field is still uniformly distributed. This way, friction causes a higher opposition
to the shaft to be inserted into the hub producing stress redistribution.

Regarding tangential stress (Figure 4c,d), an asymmetrical stress distribution is ob-
served with high negative values located nearby hub edge A, whereas the SC at hub edge
B is positive with a slight increment regarding the uniform stress distribution appearing at
the midpoints of the interface. The influence of friction on tangential stress is different to the
effect previously discussed for radial stress. Thus, on one hand, the stress nearby hub edge
A is decreased, and the high stress zone is extended over a wider area; on the other hand,
the stress at hub edge B is slightly increased. This way, the stress distribution obtained
considering friction is more asymmetrically distributed than that obtained considering the
frictionless case.
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(g) (h) 

Figure 4. FE stress distributions in a press fit with a chamfer hub after assembly: (a) radial stress
considering frictionless case; (b) radial stress considering friction (µ = 0.3); (c) tangential stress
considering frictionless case; (d) tangential stress considering friction (µ = 0.3); (e) axial stress
considering frictionless case; (f) axial stress considering friction (µ = 0.3); (g) von Mises stress
considering frictionless case; (h) von Mises stress considering friction (µ = 0.3).
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As previously discussed, theoretical equations do not consider axial stress in a press fit.
However, the shaft insertion into the hub causes tensile axial stress at the shaft–hub interface.
This way, the axial stress field shown in Figure 4e reveals an axial stress distribution with
a localized high compressive stress at the surroundings of the insertion zone (point A)
caused by manufacturing-induced plastic strains. Out of this area, the stress is uniformly
distributed with lower tensile stresses on the opposite side (point B) and at midpoints of
the shaft–hub interface (point C). However, a significant increment of axial stress at the
insertion zone (point A) is observed for the dry friction case (Figure 4f), with high tensile
stress at hub edge A. On hub edge B, axial stress is significantly reduced, and soft variations
are observed at the midpoints of the shaft–hub interface.

Finally, the von Mises stress field in Figure 4g,h shows the combined effects previ-
ously discussed for the components of the stress tensor. This way, an asymmetrical stress
distribution is obtained for the frictionless case with high stresses near hub edge A. Thus,
the maximum von Mises stress is placed out of the surface of the hub. On the opposite
side (point B), an SC is also observed, but in this case, the maximum stress value is placed
at the hub surface. Outside of the hub edges (point C), the von Mises stress is uniformly
distributed throughout the shaft–hub interface, revealing the local effect of SCs at the
hub edges.

The role of friction in von Mises stress is similar to that previously commented on for
the radial, tangential, and axial stresses. This way, the maximum von Mises stress at the
shaft–hub interface is shifted to deeper points as friction is increased, extending the zone
of high stress due to the increment of the plastic strains. On the other hand, a significant
reduction in stress is observed at hub edge B, reaching a uniform distribution similar to the
one obtained at inner points. Thus, for these cases, the SC is canceled due to the increase in
stress at insertion zone A, which causes a stress redistribution at the interface.

3.2. Role of Friction in Stress Distributions at the Shaft–Hub Interface

As previously pointed out, friction is a key parameter that significantly influences
stress distributions and SCs at the hub edges. To go deeper into the analysis, six additional
cases were considered, varying the friction coefficient from the frictionless case (µ = 0) up to
a high dry friction case with µ = 0.4 in accordance with the sequence µ = 0, µ = 0.1, µ = 0.15,
µ = 0.2, µ = 0.3, and µ = 0.4. Taking into account the local effect on stress distributions at
the hub edges, the results are focused on the zone nearby hub edges A and B. This way, the
radial, tangential, axial, and von Mises stresses in the conventional hubs (α = 0◦) at hub
edge A are shown in Figure 5a, Figure 5b, Figure 5c, and Figure 5d, respectively, and, in
the same way, Figure 6 shows the same distributions at hub edge B. To reveal the effect of
friction on press fits with chamfer hubs, the stress distributions at the interface are shown
in Figure 5e–h for hubs with a chamfer angle α = 12◦. This value was revealed in a previous
study [52] as a geometry that significantly reduces the SCFs in a static case.

According to the results, the maximum radial stress on the shaft entry side (Figure 5a)
is placed at inner points near the hub surface with values slightly positive at hub edge A.
This high stress is progressively decreased as the distance to the hub edge increases to reach
a value close to the one given by theoretical expressions at deeper points. As the friction
coefficient increases, the maximum radial stress is increased (16%) and is moved towards
deeper points. At the hub edge B surroundings (Figure 6a), an interesting effect is observed:
as friction is increased, the SC at this hub edge is gradually decreased to disappearance for
conventional friction coefficients (µ = 0.3), getting close to the values predicted by theory.
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Figure 5. Stress distributions at the hub edge A of the interface for diverse friction coefficients in
conventional hubs: (a) radial stress, (b) tangential stress, (c) axial stress, (d) von Mises stress and
chamfer hubs (α = 12◦): (e) radial stress, (f) tangential stress, (g) axial stress and (h) von Mises stress.
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Figure 6. Stress distributions at the hub edge B of the interface for diverse friction coefficients in
conventional hubs: (a) radial stress, (b) tangential stress, (c) axial stress, (d) von Mises stress and
chamfer hubs (α = 12◦): (e) radial stress, (f) tangential stress, (g) axial stress and (h) von Mises stress.
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Concerning optimal chamfer hubs (Figure 5e), similar radial stress distributions are
obtained, but the maximum radial stresses are lower than the one obtained for conven-
tional hubs (20%). The influence of friction is similar to those previously described for
conventional hubs. On hub edge B (Figure 6b), the stress-reducing effect of chamfer hubs in
press fits is revealed. This way, the stress at hub edge B for this chamfer angle is similar to
the one given by theory and, hence, no SC appears for the frictionless case. Thus, the stress
redistribution produced by the increase in stress on the insertion side causes a significant
reduction in stress (46%) on the opposite side that is high enough to cancel the SCs at this
zone. As friction increases, the radial stress at the hub edge is progressively decreased.
Thus, a loss of radial stress at hub surface B as high as 85% is obtained for the highest dry
friction case.

Regarding the tangential stress distributions shown in Figures 5c and 6c, similar effects
are observed. Thus, the highest stress is located at deeper points out of the hub surface,
reaching negative values, and it is progressively increased to reach the value given by
theory for deeper points at the interface. As friction increases, the maximum tangential
stress is reduced (27%), and it is located at inner points of the interface. Tangential stress at
the zone close to hub edge B is linearly and softly increased with the axial coordinate z, up
to the hub edge B (Figure 6c) surroundings, where a sudden decrease (11%) in tangential
stress is observed. This stress decrease at the hub edge is gradually reduced (14%) as
friction is increased.

For chamfer hubs (Figures 5f and 6f), tangential stress distributions exhibit a similar
behavior to friction regarding the ones obtained for conventional hubs. In addition, the
maximum tangential stress is lower (5%) for chamfer hubs than the ones obtained in
conventional hubs. In the same way, the stress at inner points of the interface is also
reduced as friction is increased. The tangential stress at points placed near to hub edge B
(Figure 6d) is linearly increased, with the axial coordinate z reaching higher values than the
ones obtained for the conventional hub case. The effect of friction on stress distribution can
be considered as a second-order influence on this side since only a minor increase (2.5%) in
stress at hub edge B is observed as the friction coefficient is increased.

Regarding axial stress (Figures 5e and 6e), friction causes significant changes. This way,
for conventional hubs considering frictionless cases, the highest stress of a compressive
nature is placed out of the hub surface, and for deeper points, the axial stress is reduced to
reach a value close to zero. However, as friction is increased, notable changes are generated.
Thus, the maximum compressive axial stress is shifted to inner points, and the value of such
stress is progressively reduced. However, the stress at hub edge A is gradually increased
from a null value corresponding to the frictionless case, reaching maximum values at
the hub edge surface of about 450 MPa for the highest friction coefficient (µ = 0.4). At
the middle points of the hub–shaft interface, placed far from the high stress zone of the
insertion side, the axial stress is uniformly distributed with a drop (54% for frictionless
case and 43% for high dry friction case) close to hub edge B (Figure 6e), where the local
minimum axial stress is reached. The effect of friction on this side can be considered again
as a second-order influence.

For the case of the chamfer hubs (Figure 5g), a similar trend to the friction previously
discussed for conventional hubs is observed, but in this case, the maximum stress is
reduced with chamfer hubs (10%), and the maximum values reached at the hub edge for
high-friction cases are slightly lower (3%) than the ones obtained in the conventional hub.
On the opposite side (Figure 6g), a drop in axial stress (60% for the frictionless case and
90% for the highest friction coefficient considered) near hub edge B is observed. As friction
increases, the stress drop is more progressive, and the axial stress reductions at hub edge
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B are higher (70%), reaching stress values close to zero for the highest dry friction case
considered. However, the axial stress values on this side are very low (below 40 MPa).

Finally, regarding the von Mises stress for conventional hubs (Figures 5d and 6d), the
maximum stress is located at inner points close to hub edge A. For deeper points, the von
Mises stress is decreased to reach a value in agreement with theory. As friction increases,
the maximum von Mises stress increases (65%), and the position of the maximum value
is shifted to inner points, reaching values of about 540 MPa. On the opposite side, the
von Mises stress at hub edge B (Figure 6d) is slightly increased with axial coordinate z
with a sudden increase (30%) near the hub surface for conventional hubs considering the
frictionless case. As friction is increased, the stress is more uniformly distributed, and
the local maximum stress placed at hub edge B is progressively reduced to reach similar
values to the stress obtained at inner points, thereby canceling the SCs for high values of
the friction coefficient.

For chamfer hubs, the von Mises stress distributions (Figures 5h and 6h) match the
obtained values in conventional hubs but reach lower stress (5%). This reduction in von
Mises stress in chamfer hubs is also observed at hub edge B, where the high SC shown in
conventional hubs without friction is lowered. As friction is increased, the same effect is
observed, resulting in an almost plain distribution without the SC for high-friction cases at
hub edge B.

As a summary, the maximum values of radial, tangential, axial, and von Mises stresses
at the interface obtained for different friction conditions are included in Table 1 for conven-
tional hubs and Table 2 for optimal chamfer hubs.

Table 1. Maximum values of radial, tangential, axial, and von Mises stress distributions in a press fit
after assembly for diverse friction conditions on the insertion side (point A) and the opposite side
(point B) in conventional hubs (α = 0◦).

Point A Point B

µ = 0 µ = 0.1 µ = 0.2 µ = 0.3 µ = 0.4 µ = 0 µ = 0.1 µ = 0.2 µ = 0.3 µ = 0.4

σr (MPa) −300.38 −317.64 −335.75 −348.14 −336.53 −221.61 −168.57 −125.28 −90.86 −62.78
σt (MPa) −371.82 −346.21 −316. 68 −292.52 −268.84 203.43 209.19 211.62 211.52 210.72
σz (MPa) −219.36 −147.81 248.99 394.33 454.58 26.54 34.35 35.71 33.77 30.48
σvM (MPa) 247.91 404.84 482.42 534.68 537.35 351.21 315.05 286.22 263.77 245.85

Table 2. Maximum values of radial, tangential, axial, and von Mises stress distributions in a press fit
after assembly for diverse friction conditions on the insertion side (point A) and the opposite side
(point B) in chamfer hubs (α = 12◦).

Point A Point B

µ = 0 µ = 0.1 µ = 0.2 µ = 0.3 µ = 0.4 µ = 0 µ = 0.1 µ = 0.2 µ = 0.3 µ = 0.4

σr (MPa) −242 −261.32 −284.57 303.84 303.30 118.63 83.12 55.40 34.13 17.88
σt (MPa) −338.64 335.45 299.86 277.74 252.40 226.12 229.18 231.41 231.58 229.63
σz (MPa) −189.5 −120.19 175.69 305.66 442.35 13.75 13.70 10.83 6.61 2.03
σvM (MPa) 315.35 364.28 427.58 485.49 534.89 298.02 276.22 260.13 251.27 242.53

The required axial force, F, for assembly of the shaft into the hub can be obtained
by Equation (6) in terms of the contact pressure, p (opposite to radial stress), the friction
coefficient (µ), and the hub geometry: hub length, L, and radius at the hub–shaft interface,
R [18,63,64], as follows:

F = 2π R µ L p (6)
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According to this equation, the assembly force for conventional hubs considering
different friction coefficients is shown in Figure 7a, and, in a similar way, Figure 7b shows
the assembly force for optimal chamfer hubs. In both cases, the axial force obtained from
the FEM results is compared with the theoretical values given by Equation (6) considering
the uniform contact pressure distribution given by Equation (1). As can be observed in
Figure 7a,b, a linear growing force is needed for the assembly of the press fit placing the
right edge of the shaft out of hub edge B (z > 40 mm), and later, a constant force is needed.
Obviously, as the friction increases the assembly force is higher. The obtained results show
a good agreement between the FEM results and the values given by theoretical expression
(6) for conventional hubs with variations lower than 3% for friction coefficients lower than
0.3 and as high as 4.5% for the highest friction case. The same trend is observed for chamfer
hubs, but in this case, the variations are higher (always lower than 10%) than the ones
observed in conventional hubs due to the radial stress reductions previously discussed.
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Figure 7. Axial force required for assembly of a 40H7/s6 press fit (full line) for different friction
conditions compared with the theoretical value of the assembly force (dashed line) for (a) conventional
hubs and (b) chamfer hubs.

4. Discussion
To go deep in the analysis, additional simulations of the press fit assembly process

were carried out for diverse chamfer angles from the conventional hub (α = 0◦) to high
chamfer angles (α = 20◦) according to the sequence α = 0◦, α = 5◦, α = 7◦, α = 9◦, α = 10◦,
α = 12◦, α = 15◦, α = 17◦, and α = 20◦, considering for each one of them six different friction
coefficients from the frictionless case (µ = 0) to a high dry friction case (µ = 0.4), as follows:
µ = 0, µ = 0.1, µ = 0.15, µ = 0.2, µ = 0.3, and µ = 0.4. Once the stress distributions were
revealed, SCFs were obtained according to the following expression for radial, tangential,
and von Mises stresses:

Ki =
σi,max

σi,th
(7)

where σi,max is the maximum value of i-stress, σi,th is the stress given by theory, and i is the
component of the stress tensor: radial, tangential, or von Mises. This way, the axial SCF
cannot be calculated with Equation (7) since the theoretical value of axial stress does not
exist. However, in this study the variation in the maximum stress was also analyzed.

According to results shown in the previous section, the stress distributions at insertion
hub edge A and at hub edge B are completely different; consequently, both SCs were
considered in this study. Thus, Figure 8 shows the variation with chamfer angle of the SCFs
on the insertion side (K*) for different friction coefficients, and in the same way, Figure 9
shows the variations in the SCFs on the opposite side (K**).
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Regarding the radial SCF (Figure 8a and 3D plot in Figure 8b), it is observed for the
frictionless case that Kr

* is gradually decreased as the chamfer angle increases, reaching a
reduction as high as 40% for the highest chamfer angle (line D–F in Figure 8a). As friction
increases, the SCF is increased, but this increment is softer for low chamfer angles and
sharper for the highest chamfer angles considered. Thus, for the conventional hubs shown
in line D–E in the 3D plot of Figure 8b, a progressive increment of SCFs with friction
coefficient is obtained, reaching a maximum increment of 16%. However, for the highest
chamfer angle considered (line F–G in Figure 8b), the variation is sharper, reaching an
increment of 55% with the friction coefficient. These results show the beneficial effect of
chamfer hubs in stress distributions since significant reductions are achieved using high
chamfer angles (line D–F in 3D plot of Figure 8b). In addition, the results reveal how the
beneficial effect of chamfer hubs is reduced as friction is increased since the curves obtained
for high-friction cases exhibit a lower slope and, hence, a lower reduction as low as 18% is
obtained for µ = 0.3 or 20% for µ = 0.4 (line E–G in 3D plot of Figure 8b).

This way, friction is revealed as a key factor influencing SCs at the insertion hub
edge, increasing the radial SCF. In addition, the chamfer angle is also a factor with a high
influence on SCFs; by using the chamfer hub with high chamfer angles, a reduction in
the radial SCF of 40% is achieved for the frictionless case. However, this reduction is also
affected by friction causing a lower reduction for high friction coefficients; hence, chamfer
hubs are less effective for reducing the SCFs for high-friction conditions.

In the case of the tangential SCF, the effect of the chamfer angle is less intense than
the one previously observed for the radial SCF. This way, a soft reduction is observed for
a frictionless case (line D–F in Figure 8d) with a maximum reduction of 15% reached for
the highest chamfer angle considered. This SCF decrement is gradually reduced as the
friction increases, reaching an almost plain variation, i.e., with soft reductions in SCFs for
high-friction cases, µ = 0.4 (line E–G in 3D plot of Figure 8d). On the other hand, the effect
of friction is contrary to the one observed in radial stress; thus, as friction is increased, a
reduction in the Kt

* as high as 28% for conventional hubs is reached (line D–E in plot 3D of
Figure 8d). As was observed for the radial SCF, this reduction is lower as the chamfer angle
increases, reaching a 20% reduction for the highest chamfer angle considered (line F–G in
plot 3D of Figure 8d). The influence of chamfer hub geometries on the von Mises SCF is
less intense, reaching a reduction of 17% for the frictionless case (D–F in Figure 8f) and
10% for the high dry friction (Line E–G in Figure 8f). However, friction is revealed as an
influencing factor causing an increment of SCFs for both conventional hubs and chamfer
hubs. Thus, friction causes a progressive increment of the von Mises SCF (line D–E in 3d
pot of Figure 8f) with an increment of 65% for conventional hubs and reaching increments
of about 80% for chamfer hubs with the highest chamfer angle considered (line F–G in 3D
plot of Figure 8f).

Regarding the radial SCF at hub edge B (Figure 9a,b), a sudden decrease (70%) of the
SCF is obtained for the frictionless case, reaching a value of 1 for α > 15◦, or in other words,
totally cancelling the SC (line D–F in plot 3D of Figure 9b). A similar non-linear decreasing
trend with the chamfer angle is observed for the diverse friction cases analyzed, reaching
values close to a null stress for the highest friction coefficient and the highest α analyzed in
the study. For friction coefficients higher than 0.2, the SCF is cancelled since the SCF values
are lower than 1 for any chamfer angle. In the case of the friction coefficient 0.1, chamfer
angles higher than 10◦ cause the same effect, cancelling the SCF. The effect of friction in
conventional hubs (line D–E in Figure 9b) is a non-linear decrement of the SCF as friction is
increased, reaching values lower than 1 (again cancelling the SC) for friction coefficients of
0.2 and above. However, for chamfer hubs (line F–G in Figure 9b), this threshold is lower,
and this way, all the cases cancel the SCs with radial SCFs below 1 for the highest chamfer



Lubricants 2025, 13, 231 18 of 22

angle considered. Thus, as in the case of the radial SCF at insertion hub edge A, chamfer
hubs cause a beneficial effect, significantly reducing the radial SC. In addition, friction
causes a reduction in the SC, lowering the radial SCF at hub edge B below 1 and hence
cancelling the SCs for both the conventional and chamfer hubs.

Tangential SCFs exhibit a non-linear growing trend with the chamfer angle for the
frictionless case (line D–F in plot 3D of Figure 9d), reaching increments of 30% for the
highest chamfer angle considered. However, the tangential SCF is lower than the radial SCF.
For high-friction cases, a similar trend is observed with lower variations (13%) with the
chamfer angle (line E–G in plot 3D of Figure 9d). For conventional hubs, friction causes a
nonlinear growth of SCs with the friction coefficient (14%, Line D–E in Figure 9d), whereas
for chamfer hubs this growth is softer (2%, line F–G in Figure 9d). This way, the variation
in the tangential SCF with friction can be considered negligible for α = 20◦.

Finally, with regard to the von Mises SCF, a nonlinear variation with the chamfer angle
is observed for the frictionless case with high variations for low chamfer angles and soft
changes for high chamfer angles (line D–F in plot 3D of Figure 9f). Thus, the chamfer hub
allowed the lowering of the SC (30%), showing the beneficial effect of these geometries.
For high-friction cases, the variation is softer (2%), and the SC reduction can be considered
negligible (line E–G in plot 3D of Figure 9f). The effect of friction consists in a reduction
in the SCFs as friction is increased, reaching values close to 1 for high friction coefficients,
with reductions as high as 30% for conventional hubs (line D–E in plot 3D of Figure 9f). For
the case of high chamfer angles, a softer reduction in the von Mises SCF (14%) is observed
(line E–G in plot 3D of Figure 9f) as a result of the synergistic effect of both friction and
chamfer hub geometry in lowering SCFs.

Although there is no sense in defining an axial SCF since the theoretical value of this
stress does not exist, it seems to be interesting to analyze the variations in the maximum
axial stress obtained in simulations since this variable is considered for obtaining the von
Mises stress. This way, Figure 10 shows the variation in the maximum axial stress with the
chamfer angle for the diverse friction coefficients considered in this study.

According to the results, the maximum axial stress is negative (compressive) for low
friction coefficients, whereas such stress is positive (tensile) for high values of friction. Thus,
for the frictionless case (line D–F in Figure 10b), a soft reduction in the compressive stress is
obtained as the chamfer angle is increased and a similar trend is observed for soft friction
(µ = 0.1), but in this case, for the highest chamfer angle the maximum axial stress is tensile.
A similar effect is observed for the friction coefficient 0.15, where the shift to tensile stress
occurs for chamfer angles higher than 5◦. For higher friction coefficients, chamfer hubs
cause a lowering of the maximum axial stress with reductions of 15% for µ = 0.4 (Line E–G
in Figure 10b).

On the other hand, friction is revealed as a key factor in maximum axial stress. This
way, for conventional hubs (line D–E in plot 3D of Figure 10b), the compressive axial stress
reached for low-friction cases becomes tensile for friction coefficients higher than 0.2 and
it nonlinearly grows with the friction coefficient to reach values of about 450 MPa for
µ = 0.4. The influence of friction for the chamfer hubs is similar: the maximum stress is
compressive for low friction, and as friction is increased (line F–G in plot 3D of Figure 10b),
the maximum stress is shifted to tensile, growing nonlinearly with the friction coefficient.
This way, friction is revealed as a factor with a high influence on the axial SC, causing high
axial stress for high friction coefficients. It deserves to be highlighted that the maximum
axial stress at hub edge A is placed at inner points of the shaft–hub interface out of the
hub surface.



Lubricants 2025, 13, 231 19 of 22

(a) (b) 

(c) (d) 

-200
-100

0
100
200
300
400
500

0 5 10 15 20

μ=0
μ=0.1
μ=0.15

μ=0.2
μ=0.3
μ=0.4

σ z,
m

ax
 (M

Pa
)

α (º)

-5

0

5

10

15

20

25

30

0 5 10 15 20

μ=0
μ=0.1
μ=0.15

μ=0.2
μ=0.3
μ=0.4

σ z,
m

ax
 (M

Pa
)

α (º)

Figure 10. Variation in the axial stress with the chamfer hub angle for diverse friction coefficients in
press fits with chamfer hubs at (a) the hub edge A (σz,max), (b) σz,max 3D plot and (c) the hub edge B
(σz,max), (d) σz,max 3D plot.

Regarding the axial stress at hub edge B (Figure 10c,d), the maximum values obtained
are notably lower (one order of magnitude) than the ones revealed on the insertion side, and
consequently, they can be considered negligible. However, the analysis of results reveals
that the chamfer angle reduces the axial stress (placed at hub edge B) for the frictionless
case (line D–F in plot 3D of Figure 10d) with a maximum reduction of 50% for the highest
chamfer angle considered. A similar decreasing trend with the increment of the chamfer
angle is observed for the high-friction case (line E–G in plot 3D of Figure 10d).

Friction causes a reduction in the axial stress at hub edge B. Thus, in conventional
hubs, as friction is increased the axial stress is reduced, reaching the lowest value for µ = 0.4
(line D–E in plot 3D of Figure 10d). A similar effect occurs for chamfer hubs, but in this
case, the values of axial stress become null for the highest friction and the highest chamfer
angles considered (line F–G in plot 3D of Figure 10d).

5. Conclusions
In this study, the key influences of friction and manufacturing-induced plastic strains

on stress distributions at the shaft–hub interface are revealed. The assembly process of a
press fit generates a localized plastic strain zone at the insertion hub edge surroundings
that causes a non-uniform distribution of stress at the shaft–hub interface. This way, high
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stress is located at the insertion hub edge, and low stress is placed on the opposite side. In
addition, the manufacturing of a press fit causes significant axial stress near to the insertion
hub edge that is not considered in design equations. Friction is a parameter with a high
influence on stress fields, causing an increment of radial and von Mises stresses at the
insertion hub edge and a reduction in the tangential stress. In addition, friction produces
a significant stress reduction on the opposite side, cancelling the radial and von Mises
stress concentrations.

Chamfer angle was revealed as a key influencing factor on stress fields that reduce
stress concentrations at both hub edges. Thus, the use of chamfer hubs causes reductions
in the radial SCF at the insertion hub edge as high as 40% for the frictionless case and
20% for high dry friction with soft reductions in the tangential SCF (15% for frictionless
and 10% for high dry friction) and the von Mises SCF (17% for frictionless and 10% for
high dry friction). However, the most remarkable change is produced on the opposite hub
edge, where a significant reduction in the manufacturing-induced radial and von Mises
SCFs is obtained even for high-friction cases. This way, the use of optimal chamfer hubs
with chamfer angles of 15–20◦ is highly recommended for minimizing the increment of
friction-induced stress concentrations during the manufacturing process of a press fit.
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