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INFLUENCE OF GEOMETRY ON THE STRESS PEAKS IN
INTERFERENCE FITS WITH GROOVED HUB

ABSTRACT:

Elastic stress distributions in interference fits match the
values predicted by pressure cylinders theory only if the two
joined parts have the same length. In fact, a heavy stress
concentration in the radial component appears at the edges of
the contact zone being more intense in the case of the hub.
Many methods have been proposed for relieving the stress
peaks. In order to investigate how the stress concentrations
are reduced, in this paper, different stress analysis in
interference fits with grooved hubs were carried out using the
finite element method.

RESUMEN:

Las distribuciones de tensiones elasticas en ajustes por interferencia se
ajustan a los valores dados por la teoria de cilindros a presion sélo si los
dos piezas unidas tienen la misma longitud. De hecho, una fuerte
concentracion en la componente radial de la tension aparece en los
bordes de la zona de contacto siendo mas intensa dicha concentracion
en el caso del agujero.

Muchos métodos han sido propuestos para relajar los picos de la tension.
Con el fin de investigar como se produce la concentracion tensional, en
este articulo se llevan a cabo diversos analisis de las tensiones en
ajustes por interferencia con agujeros ranurados por medio del método

de los elementos finitos.
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1.- INTRODUCTION

Press or shrink fitting joints are widely used in mechanical engineering to transmit a torque through the joint of two
parts because of their high efficiency and easy implementation. Therefore, an adequate understanding of the stress and
strains generated by this procedure in fitted parts is a key issue for a right design of these mechanical components. An
example of this sort of assemblies is the shaft-hub fitting coupled with pulley and gear system.

The complete characterization of the mechanical behaviour of the assembled elements was already studied both
theoretically [1] and experimentally [2] years ago. The main difficulty in such analysis is the dependence of stress states
on multiple variables which make complicated the use of theoretical models providing complex analytical solutions [3].
To overcome this shortcoming, the finite element method (FEM) has been widely used for studying different issues of
the contact stresses and deformations between cylindrical shafts and hubs [4-8]. Results shows that the stress values at
the middle of the contact surface match the ones given by Lamé equations. However, undesirable stress concentrations
take place at the hub edges [4,5,9,10]. Many solutions have been proposed to relieve the stress peaks considering a
variable radial interference [11] or, more commonly, a hub geometry that significantly modifies the stresses field
[9,12,13].

The comparison of the experimental results with the modeling results remains a difficult task because the interface
shaft-hub is not accessible to place strain gauges. However, some techniques have been used to avoid this
inconvenience.
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Photoelastic experimental analysis of stress in interference fits [14] are being carried out although, as it is well known,
these procedures are applicable only to birefringent materials. To solve this shortcoming, in the recent times new
experimental methods were developed based on the reflexion of ultrasonic waves for obtaining the contact pressure
distribution in diverse types of fits [15], but, because of measurement uncertainties, the accurately determination of the
edge effects is not possible. The technique of neutron diffraction has also been used to measure the stresses generated
during a shrink fit subjected to torsional stress [16].

The aim of this work is to analyse the effect of milling a groove on the hub extremities [17-19] on the stress
concentrations at the contact surface in interference fits. It must be remarked that at the interface close to a hub edge,
where the highest stresses occurs, the contacting surfaces may undergo fretting, which leads to damage and wear,
reducing dramatically the life of mechanical parts [20-21]. The present study is carried out by means of numerical
simulations with a commercial FEM code. The usefulness of such a hub modification as a procedure to modify the
stress state on demand is also assessed. This achievement was obtained analysing the stress concentration factors as a
function of parameters defining the geometry of the fit.

2.- THEORETICAL BACKGROUND

Radial and hoop stresses which are present in both cylinders can be deduced from the thick walled pressure cylinders
theory based on the Lamé equations [22]. According to these expressions, both stresses in the internal cylinder (or
shaft), which is assumed to be solid, are equal to the contact pressure but with opposite sign:

Ori=0pi=—P (1)

whereas the same magnitudes vary with the radial coordinate, r, in the external cylinder (or hub) according to the
following equations:
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where p is the contact pressure, R is the transition radius and r, is the hub external radius, i.e., r,=R + t, being t the hub
thickness (see Fig. 1b). From the previous formulae it is easy to obtain the von Mises equivalent stress for each component:

oym,i =P (4)

()

These equations are valid if two conditions are fulfilled: the plane strain assumption can be applied and the length of
both cylinders must be the same. On the other hand, the value of the radial interference, &, needed to achieve a given
contact pressure p in an interference fit considering both parts made of the same material, can be obtained with the
following expression:
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]
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3.- NUMERICAL MODELLING

The assumption of axisymmetric geometry can be applied in the simulations. Therefore, the 3D problem (Fig. 1a) is
reduced to 2D with a remarkable saving of computing time. Cylindrical coordinates (r, 6, z) are used with the origin
placed at the centre of the inner cylinder (Fig. 1b). The plane of symmetry z = 0 contains the central cross section of
both cylinders and the coordinate r = R represents the contact surface of the cylinders (see Fig. 1b).

|

-3

12

)

| L/2

(@) (b)

Fig. 1. (a) General view and (b) Geometrical parameters for the shaft-hub fit and the milled notch.

MSC. Marc FEM code was used to perform the finite element simulation. The meshing of each component was carried
out separately. A simple uniformly distributed mesh of 4-nodes quadrilateral elements was considered as Fig. 2 shows
taking in mind that the same element size in both components adjusted must be considered at the interface (r = R).
Thus, at each point located at the interface two superposed nodes are placed. Diverse meshes were tested until the
required convergence in results was achieved needing a finer mesh around the notch. For the optimal mesh it has been
found a 0.625x0.625 mm element size at contact for both components.

Fig. 2. Sample of the meshing of one of the interference fit cases analysed.

The components of an interference fit are assumed to work within the elastic regime. So far, only two parameters are
needed to characterize the mechanical behaviour of the material in the FEM simulation: the Young modulus (E) and the
Poisson ratio (v). A standard steel used in mechanical engineering (E = 210 GPa and v = 0.3) was considered. Contact is
modelled frictionless (according to [17] no significant changes were found when friction is taken into account). The
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simulations of the surface to surface contact fit requires considering non linear analysis. The simulations of the surface
to surface fit requires considering non linear analysis by contact interface conditions [23]. In our case, that has been
done using the specific module included in MARC for simulating situations where bodies with overlaps or gaps in the
geometry are required to fit together.

At the interface, i.e., at r = R, Eq. (2), (3), and (5) predict a constant stress distributions. However, the assumption of a
uniform distribution of pressure p is not appropriate when the components of the interference fit have different length,
since the discontinuities in the contact zone lead to a generation of local stress concentrations. In fact, the radial
component, of compressive nature in both cylinders, presents important stress concentrations at the edges of the
interface of both parts, being more pronounced in the hub [5,24]. Furthermore, hoop stress is tensile in hub. So, it seems
reasonable to focus the analysis exclusively on the outer element as it will be done hereafter.

Despite the radial component of stress tensor exhibits the highest stress concentration, the highest absolute values were
reached for the hoop stress over the contact zone but with lower stress concentrations. According to these results, stress
concentration factors (SCFs) have been introduced, in a similar way as in [17,24]:

_ Oj,FEM max

Ojth

K

j j=r, 6, vM (7

where ojrem Is the value of stress obtained by means of FEM, being o remmax the maximum value of the stress
distribution, and oj, is the corresponding value derived from Eq. (2), (3), and (5), both for r = R. The subindexes j =,
6, vM refer to radial, hoop and von Mises stresses, respectively.

The groove geometry can be described by two parameters: the notch radius, ry, and the distance from the notch center
to the contact zone, x (in Fig. 1(b) the distance from the notch centre to point E). We have defined two dimensionless
parameters A = ry/x (in a similar problem, analysing an indenter with a notch comprising a half plane [25], the
reciprocal parameter of 4, n = 1/2 4, is used) and & = r,/(t/2), where t/2 is the half-thickness of the hub.

4.- STRESS CONCENTRATION FACTORS
4.1.- INFLUENCE OF THE INTERFERENCE, 6

According to the ISO nomenclature for fits and tolerances, the fit chosen is 200 H7/s6, medium-drive fit type. This fit is
recommended for those cases where assembled steel elements need to turn together. Within the limits stated for this
type of fit, three different radial interferences were used: Spa= 75.50 um, Speg= 56.75 um, Spin= 38.00 pum.

In this simulation, the base fit geometry is given by the length ratio L/l =4 between the shaft length (L) and hub length
(1), and hub thickness t = 40 mm. Two cases are considered in terms of dimensionless parameters A4 and & (4, &)=
(0.600, 0.375) and (4, &),=(0.530, 0.500).

A linear relationship between stress state and radial interference, ¢, exists even when a notch has been milled on the
hub. So, the relationship between numerically and theoretically obtained stresses is independent on & value. The SCFs
at the interface, calculated according to Eq. (7), raise an identical value for the three interferences values considered as
Table 1 shows (this result coincides with reference [24] for an unnotched hub, where Ky is studied only).

Pag.4/10
Publicaciones DYNA SL -- ¢) Mazarredo n°69 - 4° -- 48009-BILBAO (SPAIN)
Tel +34 944 237 566 — www.revistadyna.com - email: dyna@revistadyna.com


http://www.revistadyna.com/
mailto:dyna@revistadyna.com

Bm INFLUENCE OF GEOMETRY ON THE STRESS PEAKS IN INTERFERENCE
J 4 FITS WITH GROOVED HUB TECNOLOGIA E

Ingenieria e Industria INGENIERIA
MECANICA
Rev. 2 del 9/ene/2012 M. Lorenzo, C. Blanco, P. Moreno, J.C. Pérez-Cerdan Disefio de Maquinas
Kr K0 KVM
4, 91 1.16 1.17 1.08
4, &), 1.03 1.15 1.09

Table 1. SCFs calculated according to Eq. (7) in a notched hub at interface contact cylinders for radial interference
values dnax= 75.50 M, Speg= 56.75 pm, Syin= 38.00 um.

4.2.- INFLUENCE OF THE LENGTH RATIO L/I

The dependence of the K, and K, factors of the hub on the length ratio L/l was also studied for seven different cases,
namely, L/l = 8.0, 4.0, 2.0, 1.5, 1.2, 1.1 and 1.0, being Jnax = 75.50 um, and the other parameters equal to those used in
previous section.

Slightly variations in the values of stress factors are observed in Fig. 3, within the range 1.01 < K; < 1.17 for all cases.
For values of L/l < 2, the K; factors decrease and get closer to 1, which corresponds with pressure cylinders theory when
the length ratio condition L/I = 1 is satisfied. Contrary, if L/l > 2, the shaft can be consider as an infinitely long element
and the constriction due to the edge effect does not varies and thereby the same SCF is obtained (Fig. 3).

Values of the radial stress concentrations factors K, depend significantly on (4, &) case, but no Ky and K. Notice that
for (4, &), case, the values of K, are close to 1, and always lower than 1.03 for any length ratio L/I.

1.2 oK —— K, 1
1.15 * i
v~ 1.1 _ |
"

1.05

L/

Fig. 3. Stress concentration factors calculated at the interface as a function of L/I. Open symbols corresponding to
(4, &), and filled symbols to (4, &),

4.3.- INFLUENCE OF THE RADII RATIO, R/rg

The variation of the SCFs as a function of the hub radial ratios R/ry at r = R is represented in Fig. 4. Values of this ratio
from 0.5 to 0.7 are optimal [26]. The other parameters needed for simulation take the same values as in previous section
with L/l = 4. It can be observed that K,y factor is nearly independent on the radii ratio, while K, increases as ratio R/rq
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decreases. K, has the opposite behaviour. Thus, the K;j factor which reaches the maximum values is K, for the lowest
value of R/r,. For un-grooved hubs, variation of K,y with R/ry is also studied in [24]. However, a direct comparison
cannot be made since reference [24] calculation analyse shaft-hub configurations which are not considered here.

The more remarkable differences observed between the analysed (A4, &) cases occur for the radial stress concentration
factor K. Unlike K;, Kyand K,y SCFs calculated for (4, &), and (4, &), converge for higher values of the radii ratio Ry/r.

1.4

Fig. 4. Stress concentration factors K; calculated at the interface as a function of radii ratio, R/ro. Filled symbols
corresponding to (4, £); and open symbols to (4, &),.

4.4.- INFLUENCE OF THE RELATIVE SIZE OF THE NOTCHED HUB, 2ry/|

The size (ry,) and the distance of the notch from interface (x) modify the stress concentration at surface. In order to
visualize this effect, the distributions of the radial stress obtained from numerical simulation are shown in Fig. 5 for the
following cases: (i) unnotched hub (Fig. 5a), a hub with (ii) low notch radius placed close to interface (Fig. 5b), (iii) a
high notch radius placed close to interface (Fig. 5¢) and, finally, (iv) a high notch radius placed far away from interface
(Fig. 5d). From these distributions is revealed the different effect of the notch geometry on the stress concentration at
interface. This way, the stress concentration located at the edge of the interface significantly decreases when the notch
is placed close to interface (Fig. 5b and Fig. 5c), whereas is slightly affected if the distance to interference is high
enough (Fig. 5d), even for the same notch radius.
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(MPa) (MPa)
2.50 2.50
-7.75 -5.75
-18.00 -14.00
-28.25 -22.25
-38.50 -30.00
-48.75 38.75
-53.00 -47.00
-69.25
-55.25
-79.50
89.75 -63.50
-100.00 7175
-80.00
(@) (b)

Fig. 5. Radial stress distribution for (a) unnotched hub, notched hubs: (b) low notch radius placed close to interference
(1=0.4).

{MPa) (MPa)
3.0 3.00

-5.3 -3.75

-13.6 -10.00
-21.9 -16.25
-30.2 -22.50
-38.5 -28.75
-46.8 -35.00
-55.1 -41.25
-63.4 -47.50
-71.7 -53.75
-80.0 -60.00

(©) (d)

Fig. 5 (cont.). Radial stress distribution notched hubs: (c) high notch radius placed close to interference (4 = 0.6) and
(d) high notch radius placed far from interference (1 = 0.7).

To achieve a better understanding of the effect of notch radius, a dimensionless parameter is defined as 2r,/l. This
parameter represents the relative size of the notch in terms of the hub length. Thus, this parameter tends to 0 when a
groove radius is pretty lower than the hub length. Besides it tends to 1 in the opposite case, i.e., when the groove radius
approaches the hub half-length. The variations of K; factors as a function of the ratio 2r/l are shown in Fig. 6.
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1.3 =
Ke Kr KVM

1.2

2r |
m

Fig. 6. Stress concentration factors calculated at the interface as a function of ratio 2r,/I. Filled symbols corresponding
to (4, & and open symbols to (4, &),.

Up to values 2ry/l = 0.2 (i.e., the hub length | is 5 times the notch diameter, 2ry,), all the K; factors are almost constant.
High values of 2r,/I are only of academic interest since such values are senseless from the engineering point of view
since most of the hub sectional area is removed by the groove as Fig. 7 shows. K, and Ky factors are practically not
dependent on the parameters (4, &) analysed and, only for 2r,, /I higher values, significant variations in K, are observed.

(MPa)
220
198
176
154
132
110

Fig. 7. von Mises stress distribution in a hub with a ratio 2r,/I=0.94.

5.- CONCLUSIONS

In this work, we have carried out calculations using the finite element method to evaluate the stress state in interference
fits when a circumferential notch is milled on the hub surface.

In order to verify how notch geometry reduces or eliminates the stress concentration in the external cylinder of the fit,
theoretical stress concentration factors K; for radial (j = r), hoop (j = €) and von Mises (j = vM) stress were defined.
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According to numerical simulations, the K; factors are not dependent on the radial interference, o. Furthermore, they do
not depend on hub length whereas this one will be at least 2 times lower than the shaft length and 10 times higher than
the groove radii. We have found that the values of K, (K,) significantly decrease (increase) with the radii ratio R/r,
while Ky practically remains constant.

We have also considered two different groove geometries characterized by dimensionless parameters (4, &). K; is the
more sensible factor to changes in the notch geometry being almost negligible the variations of the others factors. Thus,
when the values of (4, &) are around 0.5, i.e., in the case (4, &),, K; < 1.10 for all the cases analysed, thereby the
beneficial effect of the groove is probed when the right geometry is used. So, K; is the design factor more adequate for
finding out the groove geometry which reduces in an optimal way the stress concentrations in the hub of a press fit. This
question will be discussed in a future investigation.
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