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Abstract: The theoretical expressions commonly used in the design of interference fits do not take
into account the huge stress concentrations located at the edges of the hub. This underestimation
of the real stress state can induce the incorrect performance of the shaft-hub assembly. Among the
different methods to address this problem is the use of chamfer hubs, which are used for reducing
such stress concentrations. In this paper, an analysis, performed via finite element method, of the
influence of the geometric parameters of a shrink fit with chamfer hubs was carried out with the aim
of determining the optimal dimensions for the design of this type of mechanical assembly. To achieve
this goal, different chamfer hub geometries were considered: (i) full-chamfer hubs defined by the
chamfer angle and (ii) partial-chamfer hubs defined by the chamfer angle and the chamfer height.
According to the obtained results, stress concentrations can be reduced by using a full-chamfer hub
with chamfer angles within the range 13°~15° depending on the hub thickness. In addition, similar
results can be obtained by using partial-chamfer hubs with a chamfer height of half of the hub
thickness and chamfer angles within the range 13°-15°. By using these design recommendations, the
theoretical equations can be used without underestimating the real stress state.

Keywords: shrink fits; stress concentration factor; finite element analysis; stress reduction; cham-
fer hubs

1. Introduction

The use of interference fits (press fits and shrink fits) constitutes a widely spread
method for assembling mechanical components such as shafts and the components gener-
ally called hubs, including gears, bearings, pulleys, wheels, etc. [1-3]. Thus, both move-
ment and torque can be transmitted between the assembled components: the shaft and the
hub [1-3]. An interference fit is generated when the radial dimension of one component
of the interference fit (shaft and hub) is lower than the other. As result, pressure occurs at
the contact between the shaft and hub due to the so—called radial interference. Interference
fits can be manufactured by two techniques: (i) axial insertion of the shaft into the hub,
resulting in the so—called press fit [1,4,5], and (ii) by increasing the size of the hub by raising
the temperature through dilatation and then placing the shaft inside the hub [1,3,6-8].
Later, the hub is cooled down to room temperature, recovering the initial dimensions and
pressuring the shaft. Obviously, the contact pressure is dependent on the magnitude of the
radial interference [9-11]. The ISO standard for fits and tolerances [12] recommends certain
interference fits for a given application.

The theoretical expressions used for designing interference fits are derived from the
theory of elasticity; more concretely, this is the theory of thick-walled pressure cylin-
ders [10,11]. According to these equations, a uniform distribution of stress at the shaft-hub
interface is predicted. However, it is well known that a high stress concentration is located
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at the edges of the hub [11,13,14] and, hence, the design equations lead to an underesti-
mation of the real stress state. As result, the mechanical performance of the assembled
components can be reduced under in—service conditions [15-18]. Thus, taking into account
the in—service conditions the high stress concentration at the shaft-hub interface can pro-
duce plastic strains that lead to undesirable effects such as vibrations or fretting fatigue
failure [18-20].

Thus, a realistic estimation of such stress concentrations is a key issue in the design
process of interference fits. Therefore, designs leading to relieve such stress concentrations
and, therefore, obtain a uniformly distributed contact pressure similar to the one predicted
by theory are welcomed. In this sense, many studies have focused on reducing stress
concentrations by modifying hub geometry [21-24]. The most common modifications
are the use of round grooves [22], contact rings [25], and chamfer hubs [26,27]. Thus,
Lee et al. [21] proposed a method of reducing the maximum contact pressure at the press—
fitted contact edge by optimizing the location and size of a stress relief groove in the hub
face, reducing the stress by about 30%. In [22], numerical FEM simulations were carried out
for obtaining design equations that provide the optimal dimensions (groove diameter and
distance from interface) of the round groove. The influence of diverse geometric parameters,
shaft/hub length ratio, shaft/hub diameter ratio, and the relative size of the notched hub
were analyzed by FEM simulations in [23]. A general qualitative description of the diverse
methods used for reducing stress concentrations was included in [24]. An analysis of the
reductions of the stress concentrations at the hub edge by FEM simulations considering
contact rings was carried out in [25], revealing the optimum contact ring thickness and
the influence of the elastic material properties in such stress reductions. A preliminary
analysis of the reductions of the stress concentrations by using chamfer hubs was developed
in [26]. Pedersen discussed diverse optimized designs that improve the contact pressure
distribution considering chamfer hubs and elliptical grooves and a combined chamfer and
elliptical cut [27].

Other studies are focused on the analysis of complex hub geometries, for instance, a
hub with an exponential variation of the thickness with the radial distance was proposed
in [28]. Other design options, such as considering a variable radial interference [27,29] or
using hubs of functionally graded materials [8,30], have been also studied. The estimation
of the contact pressure at the interference is a difficult task since it cannot be measured
directly at the hub—shaft interface. Therefore, the contact pressure can be quantitatively
estimated by finite element method (FEM) numerical simulations [6,27,31-34].

Within this framework, a key issue in this field is to find the optimal values of modified
hub geometry using chamfer hubs that allow reducing the stress concentration at the hub
edge such that the stress distribution is uniform and, hence, design equations can be used
for estimating the real stress state at the shaft-hub interface. To fill this gap, in this study, an
analysis of the influence of the geometry of chamfer hubs on the stress concentrations was
carried out in order to determine the optimal geometry to be considered in the design of
interference fits. To achieve this goal, two different chamfer hub geometries were analyzed
and compared with a conventional hub (Figure 1a): (i) partial-chamfer hubs with chamfer
heights lower than the hub thickness, t (Figure 1b) and (ii) full-chamfer hubs with a chamfer
height (I;) equal to the hub thickness (Figure 1c).

Thus, multiple simulations by means of FEM were carried out, varying the parameters
that define the geometries (chamfer angle, &, hub thickness, t, and chamfer height, I;) to
reveal the stress concentrations at the shaft-hub interface and quantitatively establish the
reduction of stress concentrations for each geometry. From the analysis of the obtained
results, a simple design recommendation of the optimal geometry of chamfer hubs can be
derived that could be useful in the design of interference fits using chamfer hubs. By using
these design recommendations in terms of chamfer hub geometric parameters, the stress
concentrations can be reduced and an almost uniform distribution of contact pressure can
be obtained, thereby making the values given by the theoretical expressions used in the
design of interference fits realistic.
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Figure 1. Scheme of a shrink fit with (a) a conventional hub; (b) a partial chamfered hub; and (c) a
full-chamfer hub.

2. Materials and Methods

According to the design equations derived from the theory of thick-walled pressure
cylinders [9,10], the contact pressure p in an interference fit considering a hub and shaft
made of the same material can be obtained as follows:

E$ R?
r=w(1-%) .

where E is the Young’s modulus, 7, is the outer radius of the hub, ¢ is the radial interference,
and R is the radius at the shaft-hub interface.

The contact pressure causes a stress distribution in both components. According to
theory, the radial stress is equal to the contact pressure, the axial stress is null, and the
tangential stress can be obtained from the following equation [9,10]:

Oro = —P )

RZ 2
oo = o (1+’0) )

r2 — R2 R?

These equations are obtained considering that (i) both the shaft and hub have the same
length and (ii) the hypothesis of the plane strain case of the two-dimensional theory of
elasticity is satisfied. From the contact pressure, p, the maximum transmitted torque, T, can
be obtained as follows [9,10]:

T = 27R*ulp 4)

where y is the friction coefficient and / is the hub contact length.

When the elements fitted by radial interference have different lengths, the discontinuity
at the contact point generates a local stress concentration. Thus, the assumption of uni-
formly distributed contact pressure p and, consequently, of the stress tensor’s components,
given by the theory of pressure cylinders (Equations (1)—(3)), becomes unrealistic. Indeed,
the radial stress component, compressive for both parts, exhibit huge stress concentrations
at the edges of the shaft-hub interface.

Finite Element Numerical Modeling

FEM simulations were carried out considering the interference fit of a hard press, type
50H7s6, according to the ISO standard for fits and tolerances [12]. This fit is recommended
by such a standard for transmitting both movement and a given torque with a fixed place-
ment of the shaft into the hub in a rotation movement. The dimensions of the interference
fit were selected according to the following ratios obtained in previous studies [23]: length
ratio L/I = 4 and the hub length must be [/d = 1, where d is the shaft diameter. Thus, the
reference case has, on the one hand, a solid shaft of radius R = 25 mm and a length of
L =200 mm and, on the other hand, the hub is a hollow cylinder with a length of I = 50 mm



Appl. Sci. 2023, 13, 3606

4 0f 21

and an outer radius of 7, = 50 mm. Thus, taking into account the tolerances of the selected
interference fit 50H7s6, the resulting maximum radial interference is = 29.5 um.

Full-chamfer hubs constitute a simple modification of the conventional hub geometry.
Thus, only one parameter is needed for defining the hub geometry, i.e., the chamfer angle, «,
defined as shown in Figure 1c. However, for partial-chamfer hubs, an additional parameter
is required, i.e., the chamfer height, I;, according to Figure 1b. In both cases, full and
partial-chamfer hubs, the hub thickness, ¢, has an influence on stress concentrations, so in
this study this parameter was also taken into account. The contact hub length, I, was fixed
for all the cases of study. In this way, the maximum transmitted torque is only dependent
on contact pressure according to Equation (4).

In order to include the influence of the hub thickness, ¢, in the study, a dimensionless
parameter Y was defined as the ratio between the hub thickness and the shaft diameter as
follows: y = t/d. Thus, in this study, five different values of y were considered: (i) an eighth
of the shaft diameter, v = 1/8, (ii) a quarter of d, vy = 1/4, (iii) a half, vy = 1/2 (iv), three
quarters, Y = 3/4, and (v) a hub thickness equal to the shaft diameter, v = 1. In addition,
a dimensionless parameter {3, defined as the ratio between the chamfer height and hub
thickness, 3 = I;/t, is useful for the analysis of partial-chamfer hubs. Thus, when 3 =0, a
conventional hub without a chamfer hub is considered; 0 < 3 < 1 represents partial-chamfer
hubs with diverse chamfer heights; and, finally, 3 = 1 represents full-chamfer hubs as
shown in Figure 2. For each of the values of y, six different values of 3 are considered
as follows: (i) B = 0 is a conventional case without a chamfer hub; four partial-chamfer
hubs progressively increasing the hub thickness are as follows: (ii) 3 = 1/8, (iii) § = 1/4,
(iv) p=1/2,(v) p =3/4, and, finally, (vi) f = 1, where the geometry of the full-chamfer
hubs is characterized by a chamfer height equal to the hub thickness.

Conventional Hub (3 = 0)

Partial Chamfer Hub (0 < 3 < 1)

Full Chamfer Hub (3 = 1)

>
Y

Figure 2. Scheme of the geometric modifications of the hub in terms of the dimensionless parameters
used in this study: the chamfer height 3 and the hub thickness vy.

Finally, for a given hub thickness vy and a chamfer height (3, the chamfer geometry
can be characterized by the chamfer angle « defined as shown in Figure 3. In this way, the
chamfer angle can be obtained from the expression « = atan(l, /I;) for partial-chamfer hubs
and the same expression can be applied to full-chamfer hubs considering the previous
condition, 3 =1, i.e., I; =t and then « = atan(l;/f). In this study, the chamfer angle was
varied for each one of values of vy and 3, from « = 0° (conventional hub) up to « = 30°,
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according to the following sequence: « = 0°, o« = 5%, & = 10°, & = 12°, & = 13°, o = 14°,
o =15° a=18° a =20°, « = 25°, and « = 30°. Chamfer angles higher than 30° are
considered inadequate from a technical point of view since the hub width at the upper
surface becomes too small to be used. The maximum chamfer angle can be calculated as a
function of the hub thickness as follows: omax = atan(l/1;).

The revolute symmetry of the shaft-hub assembly (Figure 1) allows the reduction
of the FE model to an axisymmetric case (Figure 3) with the corresponding saved time
in terms of computing. In this way, the boundary conditions must be considered; null
displacements in the radial direction were imposed in the nodes placed at the shaft axis.
In addition, the geometry was also simplified taking into account the transversal plane’s
symmetry. The boundary conditions were completed, imposing null displacements in the
axial direction of the nodes of the shaft and hub placed at this plane, z = 0 (Figure 3). No
external forces were applied. Considering the aim of the study, attention was primarily
paid to the hub-shaft interface. Thus, the radial interference at the hub—shaft interface
corresponding to the selected interference fit was included in the FEM simulations by
means of a built-in function of the FEM software used in this study (MSC.MARC) available
in the definition of the contact type (named “touching”) between the shaft and the hub.
This option allows one to impose a given radial interference, causing contact pressure at
the interface of the simulated interference fit. Contact is modeled as frictionless, taking into
account the fact that friction has a negligible influence on stress distributions according to
previous studies [27,35].
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Figure 3. Scheme of two-dimensional finite element modeling of the interference fit with (a) a
partial-chamfer hub and (b) a full-chamfer hub. Point A is located at the hub edge and point B is
placed at the half cross section of the hub at the interface.

Conventional steel (AISI 1085) was chosen for both the shaft and the hub. The follow-
ing material properties were considered in the simulations: Young’s modulus E = 210 GPa,
Poisson coefficient v = 0.3, and yield strength oy = 276 MPa. The FE modeling parameters
are summarized in Table 1.

The geometry of both bodies (shaft and hub) was meshed using four-node quadri-
lateral elements. A non—uniform mesh was selected with an increasing meshing size out
of the zones of interest, i.e., the shaft-hub interface and hub. In this way, a refined mesh
was obtained at the interface without significantly increasing the computing time. Diverse
meshes were considered up to reach the required convergence in the results. A mesh factor
K., defined as the ratio of the number of mesh elements and the number of base mesh
elements was considered in the mesh convergence analysis. Thus, different meshes were
applied, decreasing the size of the elements in terms of the mesh factor (K ) following the
sequence Km, =1, Ky =2, Kiy =4, Kiy =8, and Ky, = 16. In this way, each mesh has double
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the elements of the previous one. Then, the values of the contact pressure at the point of
the shaft-hub interface placed in the symmetry plane of the hub z = 0 (point B in Figure 3)
obtained from each one of the considered meshes were compared with the theoretical value
given by Equation (1), as shown in Figure 4. Notice that point B was placed far away
from the local stress concentration appearing at the hub edges, point A in Figure 3 and,
consequently, the obtained value from numerical simulation should be similar to the one
given by theoretical expressions and, hence, the precision of the numerical results can be
estimated, and the numerical simulation results will be validated. As result, a mesh with
4736 elements and 4958 nodes is suitable for simulations (Figure 5) with an estimated error,
¢, lower than 3%, as shown in Figure 4. For the selected mesh, the size of the elements at the
contact zone was about 0.625 x 0.625 mm as shown in Figure 5. For the sake of clarity, the
shaft-hub interface where contact was imposed was drawn and shown (black line) in the
detailed view of Figure 5. In a similar way, the boundary conditions were drawn and are
shown (red lines) in the mesh shown in Figure 5. Thus, on the one hand, nodes placed on
the symmetry axis z = 0 were fixed in the radial direction (r—axis), and, on the other hand,
nodes placed at the central symmetry axis = 0 were fixed in the axial direction (z—-axis).

Table 1. Parameters used in the finite element simulations.

Parameter Value
Young’s Modulus, E 210 GPa
Poisson Ratio, v 0.3
Yield Strength, oy 276 MPa
Hub radius, ry 50 mm
Hub length, [ 25 mm
Shaft radius, R 25 mm
Shaft length, L 200 mm
Hub chamfer angle, « [0°,5°,10°,12°,13°, 14°, 15°,18°, 20°, 25°, 30°]
Hub chamfer height, 3 [0.125, 0.25, 0.5, 0.75, 1]
Hub dimensionless thickness, y [0.125, 0.25, 0.5, 0.75, 1]
Radial interference, 6 29.5 um
100 | 10
0F o o o 8
r O
< 80L 16 _
o r ©
= : 1 <
~ r w
=~ 70 4
C —M
60 | —o— p (FEM) 2
Flo p (Theory) — g |
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O 2 4 6 8 10 12 14 16
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Figure 4. Mesh convergence analysis results.
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direction E
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Nodes fixed at r-axis direction 5mm

Figure 5. Mesh used in FEM simulations: general view showing the applied boundary conditions and
the detailed view at the hub edge where stress concentration appears at the contact of the hub-shaft
interface.

3. Results

Numerical FEM simulations reveal the stress distributions on the interference fit as
a result of the contact pressure at the shaft-hub interface (r = R) caused by the radial
interference 5. From these stress fields, the axial distributions at the shaft-hub interface
are revealed for the radial stress, tangential stress, and von Mises stress for both types of
chamfer geometries analyzed in the present study: full-chamfer hubs and partial-chamfer
hubs as will be discussed in the following sections.

3.1. Stress Concentrations in Full-Chamfer Hubs ( = 1)

Numerical simulations reveal the stress fields at the hub and shaft in colored maps.
From these plots, it is easy to visualize the stress distributions at the hub—shaft interface and
the effect of a chamfer hub on the stress field from a qualitative point of view. Figure 6a,b
show the von Mises stress fields of a conventional hub and a full-chamfer hub with a
chamfer angle of o« = 15°.

(a) (b)

Figure 6. Hub von Mises stress fields obtained by FEM simulations for (a) a conventional hub; (b) a
full-chamfer hub with a chamfer angle of & = 15°.

In these plots, a huge stress concentration was observed at the hub edge of the con-
ventional hubs (right side of the hub, yellow zone, point A in Figure 6a). In addition, a



Appl. Sci. 2023, 13, 3606

8 of 21

highly localized effect of stress concentration was also revealed since the zone where the
stress concentration appeared at the shaft-hub interface was only noticeable nearby the
hub edge (point A), whereas the stress field was uniformly distributed far from the hub
edge. However, for full-chamfer hubs, the high—stress zone (yellow zone) disappeared
and, consequently, the stress concentration of the conventional hub significantly decreased.
As result a more uniform distribution of stress in the axial direction at the interface was
obtained.

To go deeper in the analysis, the axial distributions of the radial stress (o;), tangential
stress (ot), and von Mises stress (oy)) at the shaft-hub interface are plotted in Figures 7-9,
respectively, for full-chamfer hubs ( = 1), considering different values of the chamfer
angle « within the range from « = 0° (conventional hub) to « = 30°. In these plots the
distributions are represented in terms of the dimensionless distance ¢, defined as (=2 z/I,
where ( = 0 represents the half cross—section of the hub (z = 0, point B in Figure 3) and { =1
represents the hub edge (z = I/2, point A in Figure 3).

For the conventional hub (« = 0°, blank circles in Figure 7), the radial stress, oy, distri-
butions exhibited two clearly defined zones. In the first one (out of the stress concentration),
within the range 0 < ( < 0.8, the stress was uniformly distributed, reaching a value similar
to the one given by theory (Equation (2)). The second zone, placed nearby the hub edge
(€ >0.8), showed a high increment of stress, reaching a maximum value at the hub edge
(¢ =1). Thus, on the one hand, the maximum value at this zone revealed the intensity of the
stress concentration and, on the other hand, the local effect of the stress concentration was
also estimated as just 20% of the half hub contact length /. For the first zone (0 < { < 0.8), the
radial stress distributions were quite similar to the theoretically predicted ones for all the
considered chamfer angles. However, at the vicinity of the hub edge (¢ > 0.8) where a high
stress concentration appeared, the effect of the chamfer geometry on the stress distribution
was highly significant.

According to the results, the stress concentration progressively decreased as the hub
chamfer angle increased, even for low chamfer angles. Thus, the stress distribution became
progressively more uniform, becoming almost plain (i.e., without stress concentrations) for
medium of chamfer angle values, « = 15°. For higher chamfer angle values, o > 15°, the
radial stress at the hub edge was lower than the values of such a stress at the inner points of
the hub (where the uniform distribution appeared, ¢ = 0) and, consequently, the maximum
value of the radial stress distribution oy is similar to the one given by theoretical equations
for these cases.

—O— a=0° (Conv.)

—®— 0=10°

© e
a =
S -1007 o o5
° : —H— 0=20°
'150 j — (XZZSO
C —B— a=30°
0 0.2 0.4 0.6 0.8 1

g

Figure 7. Hub axial distribution of radial stress at the shaft-hub interface.

As the chamfer angle increased, a lower radial stress value appeared at the hub’s
center plane. This can be attributed to a stress redistribution caused by the reduction at
the hub surface. So, for high chamfer angles, a loss of the contact pressure was produced
because of, on the one hand, the reduction of radial stress at the hub edge surroundings (the
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most significant one) and, on the other hand, the soft reduction of radial stress observed at
the hub center (¢ = 0).

However, the axial distribution of tangential stress for a conventional hub (oc = 0°), oy
(blank circles in Figure 8), progressively increased from the hub’s central plane (¢ = 0) and
reached a maximum value nearby the hub edge (¢ = 1). Later, it decreased until reaching
the minimum value at the hub edge. As in the case of the radial stress, the tangential stress
at the hub center (¢ = 0) is similar to the theoretical value given by Equation (3). The effect
of the chamfer angle on the tangential stress was the opposite of the effect observed in the
radial stress. Thus, the values of the tangential stress at the hub center softly increased as
the chamfer angle increased. In addition, the values of the tangential stress at the hub edge
(¢ =1) progressively increased with the chamfer angle from a minimum value obtained
for the conventional hub case, oy = 149.6 MPa (without chamfer, o = 0°), up to the highest
value, 0 max = 206.6 MPa, obtained when the chamfer angle was the highest one considered
(o« =30°). It should be highlighted that for low chamfer angles (« < 15°) the maximum stress
appeared nearby the hub edge, whereas for high chamfer angles («x > 15°) the maximum
tangential stress appeared at the hub edge.

250

—O— 0=0° (Conv.)
—@— o=5°

—®— o=10°
— @ — o=12°
—®— o=15°
—H— a=18°
—H=— 0=20°
—&— 0=25°
—&— a=30°

200

(MPa)

—

™ 150!

100 \ \ \ \

o
o
(N
o
N
o
o))
o
o
-_—

Figure 8. Hub axial distribution of the tangential stress at the shaft-hub interface.

With regard to the distribution of the von Mises stress for a conventional hub (blank
circles in Figure 9), the stress softly increased in the zone out of the stress concentration
(0 < ¢ <0.8) and close to the hub edge, the von Mises stress heavily increased, reaching a
maximum value at the hub edge.

300
280 —O— a=0° (Conv.)
—&— 0=5°
o) —&— g=10°
% 260 —®— 0=12°
= — & 0=15°
s 240 —B— 0=18°
© —HE— 0=20°
220 — B a=25°
—H=— 0=30°
200

Figure 9. Hub axial distribution of von Mises stress at the shaft-hub interface.

As in the previous distributions, the effect of the chamfer vanished as the distance
from the hub edge increased, reaching similar values to the ones predicted by theory for all



Appl. Sci. 2023, 13, 3606

10 of 21

chamfer angles considered, o,\ = 215 MPa (Equation (4)). According to the results, as the
chamfer angle « increased, a notable reduction on the stress concentration at the extremity
of the hub was achieved (from a peak of 281.7 MPa corresponding to the conventional
hub case up to 227.1 MPa for a chamfered hub with the highest chamfer angle « = 30°).
As a consequence, the von Mises stress was more uniformly distributed throughout the
hub-shaft interface.

All the effects previously discussed can be better analyzed in terms of the variation
of the stress concentration factors (SCFs, K;) with the chamfer angle « for diverse chamfer
heights y (Figure 10). The SCF K; is defined [23,27,34] as the ratio between the maximum
stress obtained by means of FEM simulations, 0j,FEM-max, and the corresponding theoretical
value, 0y, (Equations (2) and (3)) as Equation (5) reflects, where subindexes j =7, t, and
vM refer to the radial, tangential, and von Mises stress, respectively:

K] _ 0j,FEM—max )
0j,th

According to obtained results, a two-linear variation of the radial SCF, K;, with the
chamfer angle was obtained for all the dimensionless hub thicknesses, v, considered. The
first linear variation (zone A) was extended from « = 0° (conventional hub) to a certain
angle (around 13°-15°) that is denoted as the transition chamfer angle, «*. The second
one (zone B) was extended from the transition angle «* up to the maximum chamfer angle
considered in this study, o« = 30°. In this way, a high linear drop of K; with o (high influence)
was obtained for low chamfer angles within the interval 0° < « < «*, and soft variations of
K; (second-order influence) were observed for high chamfer angles, « > o*.

The influence of the hub thickness y on the radial SCF was also revealed from the
results plotted in Figure 10a. Regarding zone A (low chamfer angles), soft variations
were observed for all the lines obtained for hub thickness y > 0.375 and only the line
corresponding to the lowest value of vy = 0.250 was clearly out of this band. However, at
zone B (high chamfer angles), the slope of the lines progressively increased with y. In
any case, it should be highlighted that the slope of lines in zone B was notably lower than
the slope of lines in zone A and, consequently, a soft influence on the radial SCF can be
considered for high chamfer angles « > oc*.

These results can be understood by taking into account the aforesaid effects of the hub
chamfer angle on the stress distributions previously shown in Figure 7. Thus, the high
variation of K; for chamfer angles lower than o* is linked to the progressive reduction of
the stress at the hub edge surroundings (C > 0.8 in Figure 7), reaching an almost plane dis-
tribution, i.e., without stress concentrations, for hub chamfer angles close to «*. Therefore,
for such a case, the radial stress was similar to the theoretical value and, consequently, the
value of the radial SCF was close to 1. For chamfer angles higher than «*, the radial stress at
the hub edge (C = 1) was lower than the stress at the inner points (¢ = 0) and, consequently,
the maximum value was placed at the hub center. In addition, a soft reduction of the radial
stress at the inner points with regard to the theoretical value (given by Equation (2)) is
observed in Figure 7 as the chamfer angle increased. Therefore, the radial SCF value given
by Equation (5) is slightly lower than 1, as observed in Figure 10a, since the maximum
radial stress at the hub center (¢ = 0) was lower than the value given by theory. This means
that a loss of contact pressure (equal to radial stress) would appear if high chamfer angles
were used. This is an undesirable scenario since a loss of contact pressure would lead to a
loss of the maximum transmitted torque and the performance of the interference fits would
be reduced.

In Figure 10b the variations of radial SCF, K, (z—axis), with the chamfer angle, « (x-axis)
and hub thickness, y (y—axis) are represented in a 3D plot. In this plot, the sections of the
surface for a given value of hub thickness y (y-axis) are the curves shown in Figure 10a. In
addition, the curves included in the sections of the surface for o« = 0° reveal the influence
of the hub thickness v in conventional hubs (curve A) and, in a similar way, the section
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for the highest chamfer angle considered (o« = 30°) reveals the variation of the previously
discussed loss of K; obtained for high chamfer angles (curve B).
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Figure 10. Stress concentration factors as a function of the chamfer angle, o, for different values of
the hub edge v. (a) radial stress, (b) 3D view, (c) tangential stress, (d) 3D view, (e) von Mises stress,
(f) 3D view.
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Furthermore, the non-linear variation of the transition chamfer angle, o*, with the
chamfer height v was also observed (curve C). Regarding curve A, as the hub thickness y
increased, the radial SCF increased too, reaching a maximum value for y = 0.5, and later K,
softly decreased up to vy = 1. On the other hand, curve B showed a progressive decrease of
the radial SCF as y increased from K; =1 for the low chamfer thickness (y < 0.375) up to
K; = 0.82 obtained for the high hub thickness (y = 1). Finally, the transition chamfer angle
(curve C) had a non-linear variation with y.

To go deeper in the analysis, taking into account the relevance of the variations of the
transition chamfer angle for the design of chamfer hubs, the variation of such a parameter
with the hub thickness is plotted in Figure 11. Thus, for the low hub thickness (y < 0.5), the
transition chamfer angle increased from 13° to 15°. For the medium hub thickness (0.5 <y
<0.75), «* does not depend on y and, finally, o* decreased for the high hub thickness (y = 1).
This result is quite interesting since, by using the curve shown in Figure 11, the optimal
chamfer angle can be selected for a given hub thickness. In this way, the optimal chamfer
angle is the same, o = 15°, for the most common values of the hub thickness, 0.5 <y < 0.75,
making the design of chamfer hubs much easier.
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Figure 11. Variation of the transition chamfer angle as a function of the hub thickness, -.

The value of tangential SCF for conventional hubs (x = 0°) was almost the same for all
hub thicknesses considered and it was slightly higher than 1, (K; = 1.07). The variation of
the tangential SCF, K{, linearly increased with the hub chamfer angle as shown in Figure 10c
for all the hub thicknesses analyzed. However, the stress concentration level was lower
than the one observed in the radial stress. In addition, the slopes of the linear variation of
tangential SCF were dependent on hub thickness. Therefore, as the hub thickness increased,
the slope of the linear variation also increased. Consequently, the highest values (K; = 1.46)
were reached for high hub thicknesses and high chamfer angles.

Figure 10d shows the 3D plot of variation of K; (z—axis) with the chamfer angle, «
(x—axis) and hub thickness, v (y—axis). In this plot, the lines shown in Figure 10c are the
cuts of the surface for a given hub thickness. The 3D plot (Figure 10d) reveals, on the one
hand, the negligible variation of K; with y for conventional hubs (plane & = 0°) with an
almost straight horizontal line (curve A) and, on the other hand, the non-linearly increasing
trend of tangential SCF with the hub thickness for the highest chamfer angle considered
(curve B). Therefore, according to these results, the use of high hub thicknesses and high
chamfer angles is not recommended since the SCF increased up to 1.46 or, in other words,
it increased by 36%.

Finally, regarding the von Mises SCF, a progressive reduction of such variable was
observed as the chamfer angle increased up to a value close to 1 (Kyn = 1.05) for high
chamfer angles (« > 20°). This reduction is dependent on the hub thickness. Therefore, the
von Mises SCF becomes progressively higher as the hub thickness increases for conventional
hubs («x = 0°) and, consequently, a higher reduction is observed for high hub thickness
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cases. This variation can be explained by taking into account two competitive effects: the
high decrease of the radial SCF, as shown in Figure 10a (zone A), and the soft increment of
the tangential SCF, as shown in Figure 10c. Notice that the axial stress was considered null
according to theory. Thus, for low chamfer angles (zone A) the decrease of the von Mises
SCF is linked to the high decrease of the radial SCF since the increment of tangential SCF
for low chamfer angles (x > «*) was soft and, on the other hand, for high chamfer angles (o
> oc*) the von Mises SCF was similar for all the cases since the decrease of the radial SCF
(zone B) was compensated by the increase of the tangential SCFE.

In a similar way, a 3D plot is included in Figure 10f to visualize the variations of the
von Mises SCF (z—axis) with chamfer angle, « (x—axis) and hub thickness, v (y—axis). The
curves shown in Figure 10e are the cuts of the surface for a given hub thickness. In addition,
the curve A shows the variation of the von Mises SCF for conventional hubs (plane, o« = 0°).
In this way, a nonlinear increment of K,); was observed as the hub thickness increased,
similar to the variations observed in radial SCEF, i.e., high variations for low hub thicknesses
and soft variations for high hub thicknesses. However, for high chamfer angles (curve B)
no variations with different hub thicknesses were observed.

Therefore, according to these results, chamfer angles close to the transition chamfer
angle (13° < o« < 15°) caused a huge decrease of the K; (86%), reaching values close to 1
with a soft increment of the K; (16%) with regard to the SCFs in a conventional hub. As a
result, the von Mises SCF was also reduced to a value close to 1.1 with a reduction of about
16%. Therefore, using chamfer angles within the proposed range (13° < o« < 15°), the values
given by the theoretical equations can be used in the design of chamfer hubs for estimating
the real stress state of the interference fit with low radial, tangential, and von Mises SCFs,
or, in order words, with more uniformly distributed stresses at the shaft-hub interface than
achieved when using conventional hubs.

3.2. Stress Concentrations in Partial-Chamfer Hubs (0 < f < 1)

A partial-chamfer hub can be defined by three parameters: the chamfer height I, the
chamfer angle, &, and the hub thickness, t. In this study, the influence of each one of them
on the stress concentrations at the shaft-hub interface was analyzed. The variations of the
SCFs K, Kt, and K\ with the dimensionless chamfer height 3 are represented in Figure 12
for diverse values of the chamfer angle with a fixed value of the hub thickness, i.e., y = 0.5.

Notice that the conventional hub was created either for a null chamfer angle, & = 0°
(for any value of ) or for a null chamfer height, 3 = 0 (for any value of o). Taking this into
account, the variation of the SCF K, K}, and K with 3 clearly does not exist, it shown in
the horizontal lines for the x = 0° case in Figure 12a,c,e. In addition, the values of K, K,
and Ky for = 0 (null chamfer height, i.e., conventional hub) were the same for all the
curves plotted in Figure 12a,c,¢, i.e., for any value of the considered chamfer angle. Thus,
according to the results, a nonlinear variation of K; with 3 was observed for different values
of the hub chamfer angle. Thus, a high decrease of radial SCF was obtained for low values
of the chamfer height, reaching a uniform horizontal distribution for intermediate and high
values of 3. Therefore, the minimum reduction of the SCF was reached for full-chamfer
hubs (3 = 1), but a similar reduction could be also obtained by using intermediate and high
chamfer heights. For the sake of clarity, the transition chamfer height (3*) is defined as
the value of  where the uniform distribution of SCF is reached. According to the results
shown in Figure 12a, transition chamfer height was dependent on the chamfer angle. Thus,
the value of 3* progressively decreased as the chamfer angle increased. In this way, for
high chamfer angles, the uniform distribution was reached for a chamfer height as low as
0.25, whereas for intermediate chamfer angles (10° < « < 15°) was 3 = 0.5.

Figure 12b shows a 3D plot where the variations of radial SCF, K (z—axis) with chamfer
height, 3 (x-axis), and chamfer angle, x (y—axis) can be observed. Thus, the curves shown
in Figure 12a are in fact sections of the surface shown in the 3D plot for different planes
corresponding to a given chamfer angle.
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Figure 12. Stress concentration factors as a function of chamfer height (3 for diverse values of chamfer
angle « in partial-chamfer hubs with a hub thickness of y = 0.5. (a) radial stress, (b) 3D view,
(c) tangential stress, (d) 3D view, (e) von Mises stress, (f) 3D view.
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The line in the plane 3 = 0 and the line in the plane « = 0° represent the conventional
hub; hence, no variation appeared with the other variables. The curve shown in the plane
3 =1 (full-chamfer hub) is the two-linear variation previously outlined in Figure 10a with
a sudden decrease of radial SCF as « increased up to the transition chamfer angle and
later followed by a soft decrease. From Figure 12b, the design zone is clearly visualized
as the uniform plane zone within the range of the parameters « > 15° and 3 > 0.4 where
the values of K, were close to 1. Therefore, the stress concentration was reduced, and the
design equations are valid for estimating the real stress state.

Regarding the tangential SCF, as was discussed above, for 3 = 0 (conventional hub)
the tangential SCF was the same for all the values of the chamfer angle, . The variation
with the chamfer height, 3, was nonlinear with a sharp increase for low chamfer heights
until reaching a horizontal uniformity similar to that obtained for full-chamfer hubs ( = 1).
The effect of the chamfer angle on tangential SCF was the opposite of the one observed
in the radial SCF. Therefore, the value at which the stable value was reached (transition
chamfer height, 3*) increased as the hub chamfer angle increased. By using high chamfer
angles, tangential SCFs as high as 1.3 were obtained; however, if intermediate chamfer
angles (13° < « < 15°) were selected, the tangential SCF was slightly incremented.

Figure 12d shows the 3D plot of the variations of tangential SCF, K; (z—axis) with
chamfer height, 3 (x—axis) and chamfer angle, o« (y—axis). Notice that the curves shown
in Figure 12c¢ are sections for different values of the hub chamfer angle. Thus, the lowest
values of tangential SCF were obtained for the conventional case (either line at the plane
3 = 0 or line at the plane o = 0°). In addition, the curve included within the plane 3 =1
(full-chamfer hub) showed a progressive increment of the K; with the chamfer angle. In this
way, the highest tangential SCF was reached for full-chamfer hubs (3 = 1) and the highest
chamfer angle («x = 30°). In fact, this is just the opposite trend of radial SCF. However, for
values of o and 3 within the recommended range (13° < < 15° and 3 > 0.5) previously
established for the radial SCF, the increments of the tangential SCF were not so significant.
In any case, the effect of the chamfer geometry is clear: a redistribution of stress that reduces
radial stress and increases tangential stress. Therefore, cases causing a high reduction of
radial stress will exhibit a high increment of tangential stress and vice versa.

Finally, regarding the von Mises SCF, the variation was quite similar to the one
observed in the radial SCF. Thus, the highest SCF, as high as 1.3, was obtained for the
conventional hub case (either f = 0 or « = 0°). As the chamfer height 3 increased, the
von Mises SCF decreased until reaching a uniform value equivalent to the one obtained
for full-chamfer hubs (3 = 1). As the chamfer angle increased, the SCF decrease became
sharper and the value of the transition chamfer height, 3* (for which the stable value is
reached) was obtained for lower values of the hub thickness in a similar way to that of the
radial SCF trend shown in Figure 12a. This supposes that the lowest value of von Mises
SCF corresponding to full-chamfer hubs (3 = 1) is also obtained for partial-chamfer hubs
with hub thickness higher than the transition chamfer height. This parameter is dependent
on the chamfer angle «. Thus, for intermediate angles (x < 15°), f* was higher than 0.5,
and for high chamfer angles 3* was as low as 0.25. It should be highlighted that chamfer
angles that significantly reduce the radial SCF also reduce the von Mises SCF. Therefore,
the effect of the radial SCF and tangential SCF on the von Mises SCF is clear. The high
reduction of the radial SCF compensates for the increment of the tangential SCF, obtaining
a reduction of the von Mises SCF. Therefore, the use of the chamfer hubs with the proposed
values allows the reduction of the maximum von Mises stress in the shaft-hub interface. In
this way, plasticity is less likely to occur at the hub interface.

Figure 12f shows the 3D plot of the variations of von Mises SCF, Ky (z—axis) with
chamfer height, $ (x—axis), and chamfer angle, « (y—axis). A similar trend to the one
previously discussed for the radial SCF was observed but with softer variations. In a
similar way, the edges for planes 3 = 0 and o = 0° represent the conventional hub reaching
the maximum Kyy. In addition, the sections of the surface for different chamfer angles
are the curves shown in Figure 12e. Moreover, the section of the 3D surface for 3 =1
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(full-chamfer hub case) revealed a two-linear variation with the chamfer angle but in this
case with softer changes than in the variations observed in radial SCF. In a similar manner
to the radial SCF 3D plot (Figure 12b), an almost flat surface of minimum von Mises SCF
appeared for values of the chamfer height (0.4 < < 1) and chamfer angles («x < 15°).
Consequently, partial-chamfer hubs with a chamfer height higher than 0.5 and chamfer
angles between 13° and 15° will exhibit the optimal behavior, a huge reduction of radial
SCEF, a reduction of von Mises SCF, and a soft increment of the tangential SCFE.

To go deeper into the analysis, the variation of the radial SCF with the chamfer angle
for a given hub thickness is represented in Figure 13 for different values of the chamfer
height 3. Notice that the curves included in this figure are sections of the 3D surface shown
in Figure 12b discussed above. A two-linear variation of the radial SCF with the chamfer
angle was obtained in partial-chamfer hubs similar to the one previously observed in
full-chamfer hubs (Figure 10a). Thus, the maximum value of SCF was located at o« = 0°
(conventional hub) and it progressively decreased as the chamfer angle increased (zone A)
until reaching a certain value where the SCF was uniform (zone B).

For low hub thicknesses (y = 0.125) and low chamfer heights (3 < 0.1), the transition
chamfer angle appeared at high chamfer angles, « = 45°. However, as the chamfer height
increased, the transition chamfer angle progressively reduced until reaching o* = 13° for a
chamfer height 3 = 0.5. For higher chamfer heights 3 > 0.5, the curves were quite similar.
In addition, for low hub heights ( < 0.1), the SCFs at zone B were higher than 1 and they
progressively decreased until reaching a value close to 1 for chamfer heights (3 > 0.5.

A similar trend was observed for higher hub thicknesses y (Figure 13b—e), but in these
cases, the transition chamfer angle o* for the lowest chamfer height considered (3 = 0.05)
was progressively lower than the one observed in vy = 0.125 as the hub thickness increased.
Differences were only noticeable for low chamfer heights since curves for y > 0.50 only
exhibited slight differences. In addition, the minimum radial SCF (zone B) was always 1
for hub thicknesses lower than 0.5. For y > 0.5, the minimum K, decreased as the chamfer
height increased, always reaching the lowest value for the full-chamfer hub case (3 = 1).

Furthermore, it is noticeable that from hub thickness y > 0.5, zone B is not a horizontal
line and a slight decrease of K; with the chamfer angle was observed, reaching values below
1. The slope of zone B increased with the chamfer height and, hence, values of radial SCF
as low as 0.82 were obtained for full-chamfer hubs (3 = 1) with high chamfer angles. Note
that the decrease of radial SCF below 1 is not adequate, since it means a loss of the contact
pressure and consequently a loss of the maximum transmitted torque. Therefore, it can be
concluded that high values of y are not adequate. Therefore, the recommendation is clear:
hub thicknesses, y higher than 0.5 are not recommended due to the loss of contact pressure
and hubs with chamfer heights 3 lower than 0.5 are also not recommended; the optimal
chamfer angle, «, is within the range 13° < & < 15°.

Finally, the transition chamfer angle, o* was obtained from curves plotted in
Figure 13a—e and the variation of such a parameter with the chamfer height 3 for dif-
ferent values of the hub thickness vy is represented in Figure 13f. This plot is a useful tool for
designing interference fits with partial-chamfer hubs since it allows obtaining the chamfer
angle, o, and the chamfer height, 3, that reduce the radial SCF for a given hub thickness
Y. According to the results, a decrease of the transition chamfer angle with the chamfer
height was observed up to 3 = 0.5 and, afterward, a uniform value was obtained up to
the full-chamfer hub case (3 = 1). The variations were sharper for low values of the hub
thickness vy < 0.25 and for hub thicknesses higher than 0.5, the variation of the transition
chamfer angle, «*, was the same for all the hub thicknesses considered. Low hub chamfer
heights can be discarded since the radial SCFs at zone B (Figure 13a—e) were higher than
1. Taking these results into account, the use of partial-chamfer hubs with hub thicknesses
v = 0.5 and hub chamfer heights 3 = 0.5 would cause the same effects in terms of reducing
the radial and von Mises SCF observed in full-chamfer hubs. Therefore, the design of
partial-chamfer hubs is straightforward; the optimal chamfer angle is o« = 15° considering
chamfer heights 3 higher than 0.5 when using hub thickness y = 0.5. In this way, the SCF
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would be as low as 1, which means that the SCF would be reduced at the interface and,
consequently, the design equations could be used for predicting the real stress state of an

interference fit.
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Figure 13. (a—e): Radial stress concentration factors as a function of 3 for different hub thicknesses
and (f): variation of the transition chamfer angle with the chamfer height for diverse hub thicknesses.
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Additional simulations were considered to check the validity of the proposed design
parameters for different shaft/hub dimensions, diverse interference fits, or different materi-
als. Thus, six different shaft dimensions were considered (two lower and three higher than
the reference case) with the same interference fit H7s6 and the same length ratio /L = 4. For
all shaft dimensions, the design conditions previously proposed for full chamfer (o = 15°,
v = 0.5) and partial-chamfer hubs (x = 15°, 3 = 0.5, ¥ = 0.5) were analyzed. Thus, the
cases considered are the following: (i) 30H7s6; (ii) 40 H7s6; (iii) 50 H7s6 the reference case;
(iv) 65 H7s6; (v) 80 H7s6, and, finally, (vi) 100H7s6. The results showed that the radial stress
at the hub edge was lower than the radial stress at the hub center for all cases analyzed
in a similar way as observed, in Figure 7, for the reference case. Consequently, the SCF
reduction was the same for all the cases analyzed, and, hence, the proposed geometry led
to the same reduction for any shaft diameter (Figure 14a).

Regarding the second analysis, five interference fits recommended by the ISO standard
for fits and tolerances [12] were tested for a shaft diameter of 50 mm as follows: (i) 50H7x6
(6 = 56.5 um); (ii) 50H7ub (6 = 43 um); (iii) 50H7t6 (6 = 35 um); (iv) the reference case,
50H7s6 (5 = 29.5 um); and (v) 50H716 (6 = 24 um). In a similar way as previously discussed,
the same SCF reduction was achieved for all the cases of study (Figure 14b) and, hence,
the proposed geometry led to similar values for any interference fit selected from the ISO
standard recommendation.
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Figure 14. Variation of the radial, tangential, and von Mises SCFs for full-chamfer (blank symbols)

and partial-chamfer hubs (full symbols) with (a) diverse shaft dimensions, (b) different interference

fits, and (c) diverse materials.
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Finally, four different metallic materials were selected for the reference case 50H7s6
as follows: AISI 1080 steel (reference case); (ii) stainless steel 316L (E = 190 GPa, v = 0.27);
(ii) titanium (E = 95 GPa, v = 0.36); (iii) aluminum (E = 75 GPa, v = 0.33); and finally a (iv) a
magnesium—aluminum alloy (E = 55 GPa, v = 0.30). The results showed a slight variation
of the SCF with the Young’s Modulus (Figure 14c) but, for any case, the SCF reductions
were always similar for all the cases analyzed.

4. Conclusions

In this paper, the stress distributions and stress concentration factors at the shaft-hub
interface in interference fits with a chamfer hub were analyzed. This modified hub only
requires two parameters for defining the hub geometry for a given hub thickness: the
chamfer angle, «, and the dimensionless chamfer height, 3. According to the obtained
results the following conclusions can be drawn:

e  Full-chamfer hubs caused a progressive reduction of the radial stress at the hub edge
as the chamfer angle increased, reaching an almost uniform distribution of radial stress
(or in other words, of contact pressure) for medium chamfer angles (x = 15°).

e  Although radial stress was reduced at the hub edge, the tangential stress was slightly
increased. Nevertheless, the von Mises stress was also reduced at the hub edge, reaching a
more uniform distribution at the shaft-hub interface than conventional hubs.

e  The use of chamfer hubs with high chamfer angles causes a loss of contact pressure
because of a high reduction of the radial stress nearby the hub edge and a soft reduction
of radial stress at the hub center. This loss produces a reduction of the maximum
transmitted torque and, hence, high values of chamfer hubs are not suitable.

e A curve of recommended chamfer angles to be selected in the design of full-chamfer
hubs for different hub thicknesses v is proposed. Taking this into account, the op-
timal chamfer angles are within the interval 13° < « < 15° for commonly used hub
thicknesses 0.375 <y < 0.5.

e By using full-chamfer hubs with the proposed chamfer angles, a complete removal of
radial stress concentration was achieved with a slight increment of tangential SCF and
a reduction of the von Mises SCF. In this way, a more accurate estimation of the stress
fields at the hub—shaft interface can be obtained by using the design equations given
by theory.

e  Partial-chamfer hubs with a hub height higher than 3 > 0.4 and chamfer angles « > 15°
exhibited a significant reduction of radial SCF with a slight increase of tangential SCF and
a decrease of the von Mises SCF similar to the ones obtained by using full-chamfer hubs.

e  Curves of recommended chamfer angles to be selected in the design of partial-chamfer
hubs for different chamfer heights 3 and hub thicknesses y were proposed. According
to the results, the optimal values to be used for designing partial-chamfer hubs are
chamfer heights higher than 3 > 0.5, hub thicknesses y = 0.5, and chamfer angles
o =15°.

e By using the proposed optimal values, the same reductions on stress concentrations
observed for full-chamfer hubs were obtained in partial-chamfer hubs and, conse-
quently, the design equations can be used for estimating the real stress state at the
shaft-hub interface.
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Abbreviations

d Shaft diameter

E Young’s Modulus

Km Mesh factor

K j-SCF

K; Radial SCF

Kt Tangential SCF

Kom von Mises SCF

) Shaft length

Iy Hub chamfer height

I, Hub chamfer length

L Hub length

P Contact pressure

r Radial coordinate

70 Shaft radius

R Hub radius

T Maximum transmitted torque
t Hub thickness

z Axial coordinate

o4 Hub chamfer angle

o* Transition hub chamfer angle
B Dimensionless hub chamfer height
B* Dimensionless transition hub chamfer height
Y Dimensionless hub thickness
) Radial interference

€ Relative error of FE

C Dimensionless axial coordinate
v Friction coefficient

v Poisson ratio

oy Radial stress

Ot Tangential stress

OuM von Mises stress

0j th j-stress given by theory

0jFEM-max ~Maximum j-stress obtained by FEM
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