Journal of the Brazilian Society of Mechanical Sciences and Engineering
https://doi.org/10.1007/540430-024-04811-3

(2024) 46:219

TECHNICAL PAPER

=

Check for
updates

Stress distributions around the interference fit between a round pin

and a perforated finite plate

D. Castagnetti'® - E. Dragoni'

Received: 13 November 2023 / Accepted: 19 February 2024
© The Author(s) 2024

Abstract

Interference fit couplings between a perforated finite plate and a round pin are widely used mechanical systems in several
industrial applications. Only a few works in the literature investigate the coupling contact pressure due to interference in the
absence of an external load, and these works are limited to a few specific configurations. To overcome this limitation, this
work performs a numerical systematic investigation of the pin-plate coupling for a wide range of configurations that can
be encountered in practice. Three are the variables investigated: the pin diameter, the plate length, and the pin offset in the
longitudinal direction, all of them normalized over plate width, for a total of 18 configurations. The work provides a detailed
prediction of the contact pressure and equivalent von Mises stress along the contact surface and compares the results with
photoelastic investigations retrieved from the literature. For design purposes, the results are synthesized through two stress
concentration factors, one referring to the peak contact pressure, and the second one to the peak von Mises stress.

Keywords Interference fit - Pin - Finite plate - Contact pressure - Stress concentration

1 Introduction

The work investigates the contact stresses due to interference
between a cylindrical pin and a rectangular plate with finite
dimensions, with particular focus on the contact pressure
distribution.

This configuration is largely used in many mechanical
applications, such as fork-pin-rod joints and riveting. A
peculiar application concerns the creation of torsion speci-
mens for the shear strength characterization of hybrid joints,
press-fitted and bonded with adhesive.

In the literature there are some works that investigate,
for a few specific configurations, the contact pressure due
to the interference between a pin and a finite rectangular
plate, in the absence of applied external loads. Heywood
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[1] investigates the effect of an unloaded pin, fitted into a
hole in a tensile plate: he observes that the restraining effect
exerted by the pin on the hole deformation (transverse diam-
eter reduction) has a beneficial effect on the stress concen-
tration factor produced by the hole in the plate. Lambert [2]
compares the experimental stress distribution (photoelastic
model) in a rectangular plate due to an interference fit pin,
with the analytical prediction from the Lame theory, show-
ing a close agreement up to a 0.6 ratio between pin diam-
eter and plate width. Solodovnikov [3] proposes a solution
for the contact problem of a rectangular elastic plate with a
circular hole loaded in tension, with a pin of circular cross
section fitted into it: the model takes into account friction
and a tensile load on the plate.

Other works, always for specific configurations, analyse
the contact pressure between pin and a finite plate when
subjected to an external load acting in the longitudinal plane
of the plate [Jessop et al. [4], Cox et al. [5], Rao et al. [6],
Mather et al. [7], Rao [8], Murthy et al. [9]]. Goel et al.
[10] perform a numerical thermo-mechanical analysis to
evaluate the effect of the insertion process in an interfer-
ence fit pin-plate connection. Two works from Ciavarella
et al. [11, 12] propose a closed-form solution to the contact
problem between a loaded pin and an infinite plate, for the
general case of elastically similar materials in frictionless
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contact. A similar approach is proposed by Hou et al. [13,
14], while Iyer [15] compares the solutions from Ciavarella
[11, 12] and Hou et al. [13, 14] with the predictions from
a finite element model describing the same configuration
(infinite plate) but realistic contact conditions (friction coef-
ficient). Specifically, he observed that the increase of friction
coefficient reduces the peak contact pressure and increases
the stress concentration in the plate. Croccolo et al. [16]
extended the analytical calculation of pin hub couplings to
configurations including more than 2 elements. Pedersen
[17] and Strozzi et al. [18] investigate the case of a shrink
fit between a solid shaft and a hub focusing on the effect of
geometry to optimize contact stresses. Malavolta et al. [19]
provide an analytical formulation to predict the influence
of thermo-mechanical stress state on the torque capacity of
rotating interference fit assembly. Foust et al. [20] investigate
the stresses in a pinned wood joint configuration through
grey field photoelasticity. Wu et al. [21] propose an analyti-
cal method to calculate stress around interference fit holes
on composite pinned plates under tensile load. Imran et al.
[22] investigate the contact stress distribution of centrally
holed plate for different interference fit levels. Karmankar
[23] numerically predicts the stresses in a pin-plate coupling
for different interference levels. Pedersen [24] numerically
investigates the stress concentration factor and the optimal
design of pinned connections. Booker et al. [25] study the
various factors which influence the capacity of interference-
fitted couplings including modelling approaches, coefficient
of friction, surfaces, the geometry, materials, loading and
the assembly process. Two recent works from Radi et al.
[26] and from Strozzi et al. [27] analyse pin-lug connections
and propose an analytical 2D solution to predict the stress
and displacement fields under the assumption of frictionless
contact and clearance.

It emerges that a systematic analysis of the contact
stresses due to the interference fit between a pin and a finite
rectangular plate without any external load applied, for a
wide range of dimensional ratios, cannot be retrieved.

The present work aims to overcome this drawback by car-
rying out a set of numerical analyses to investigate the whole
range of possible configurations that can be encountered in
practice. The numerical analyses focused on 2D finite ele-
ment models, since the aim of this work was to investigate
the distribution of the contact stresses in the circumferential
direction, disregarding the highly localized stress concentra-
tions, which occur on the boundaries in the axial direction.
As can be observed in several works from the literature [22,
28-32], the investigation of these stress peaks requires a
very detailed, computationally expensive numerical model,
and are strongly affected by the details of the geometry (fil-
lets or chamfers on the hub). This test plan will examine the
following variables, while keeping constant the width of the
rectangular plate: the ratio between pin diameter and plate
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width, aspect ratio of the plate, pin offset along the longitu-
dinal axis of the plate.

The analyses are carried out by implementing a plane
stress finite element model, which exploits the symmetry
of the system and describes a frictionless contact. The
results show an excellent agreement with the experimental
photoelasticity maps from the literature and show how the
contact stresses become less uniform in the circumferential
direction by increasing the diameter of the pin with respect
to the size of the plate and as the pin offset becomes higher.

The outcome is significant for the development of a com-
pact specimen where the contact interface is subjected to
shear stresses promoted by a torsional load applied to the
plate and acting about the pin axis.

2 Method
2.1 Numerical test plan

Figure 1 shows the sketch of the pin-plate configuration
investigated in the work, where d represents the pin diam-
eter, e the offset between pin centre and plate midpoint along
the length L of the plate, B the width of the plate. To per-
form a systematic investigation, we set the width of the plate
B equal to 40 mm and considered the three dimensionless
ratios in Table 1: the ratio of the pin diameter d to the width
of the plate B (over three levels); the ratio of the length

<— d —

< e —>

B

Fig. 1 Sketch of the pin-plate configuration investigated in the work
with main dimensions
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Table 1 Variables of the numerical investigation

d/B 0.25 0.5 0.75
L/B 1 15 2 2.5 3
e/B 0 0.25 0.5

of the plate L to the to the width of the plate B (over five
levels); the ratio of the offset e to the width of the plate
B (over three levels). By excluding the offset ratios giving
inconsistent or redundant configurations, we obtained the 18
geometries displayed in Fig. 2.

We highlight that the high d/B ratio (equal to 0.75) has
been considered to provide a comprehensive investigation,
which includes all the ratios which could eventually occur
in real applications. Compared to a small hole in a large

plate, a large d /B ratio reduces the stress concentration fac-
tor originated by the hole in the plate, giving a more uniform
stress distribution. This configuration is preferred also in
case we need a plate which bears a lower load than the pin.
In addition, the high d/B ratio for the pin-plate coupling is
of interest for the development of a compact torsion speci-
men, where the plate acts like a lever on the pin, and the
contact interface is subjected to shear stresses only.

2.2 Finite element model

As described in Fig. 3a, the finite element model exploited
the symmetry of the structure, with respect to the vertical
axis for all the configurations, and with respect to the hori-
zontal axis for configurations with no offset of the pin. Thus,
the model describes half or a quarter of the structure. The

L/B
B =40 1 1.5 2 2.5 3
1 o A | o
0.25 U \) ()
PS
o | @] | 1@ D S,
AN IREC R RPSERCRRPS
o NI N N
0 0.25 0.5 0 0.25 0
e/b

Fig.2 Sketch of the 18 configurations investigated numerically
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Fig. 3 Finite element model:
geometry, temperature field

in the pin, and symmetry con-
straints (a); overall view of the
mesh (b); close-up view of the
mesh in the contact region (c)

(a)

model assumes a plane stress behaviour for the pin-plate
coupling, using 4-noded, bilinear, plane stress quadrilat-
eral elements (CPS4 [33]). A minimum side length equal to
0.02 mm was used for the elements on the contact interface
(Fig. 3b, ¢), as aresult of the convergence analysis presented
below. Specifically, to improve the accuracy the model
applies nearly-square quadrilateral elements across the con-
tact interface. The model describes both the pin and the plate
as linearly elastic materials with the typical properties of
steel (Young’s modulus = E =206 GPa, Poisson’s ratio =
v =0.3, coefficient of thermal expansion a = 1.2E-5 K'l):
we highlight that these parameters were chosen as the most
usual for this class of interference-fit coupling, but any other
set of values could be used without changing the trend of
the results. A frictionless contact was implemented at the
interface, with a “hard” contact pressure-overclosure law
[33]. The assumption of a frictionless contact, which allows
to simplify the finite element model, is supported by the
fact that the relative displacement between the pin and plate
contact surfaces is nearly zero. This comes from the fact
that the unique load on the system is given by the interfer-
ence fit, while no external load is applied to the pin, and
also the plate is unloaded. Thus, the friction coefficient does
not play any effect on the stress field of the components.
This assumption was also validated by comparison with a
finite element model (not shown here for the sake of clarity),
which sets the friction coefficient to 0.25 (a representative
value for a metal-to-metal contact): all the results retrieved
from the analysis were coincident to those from the same
model with a frictionless contact. The interference between
pin and plate, was produced virtually by means of a uniform
temperature increase applied to the pin.
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(b) (c)

To allow for a straightforward comparison and normali-
zation of the results, for all the configurations investigated,
the temperature applied to the pin was chosen to generate a
contact pressure equal to 100 MPa in a simplified pin-hub
coupling as represented in Fig. 4a (pin inserted in a cylinder
with outside diameter D = B, where B is the width of the
plate). The relationship between temperature change and
contact pressure can be derived as follows.

The temperature rise of the pin, 7, needed to generate a
virtual diametral interference, 6, with the hole must satisfy
the following condition [34]:

adl =5 (1)

The contact pressure, p, generated by an interference &
between a solid pin of diameter d and a hub of outside diam-
eter B is (Budynas et al.[35]):

- (5)
6 b @
g2 7
P=a""2

Letting D = B in (2), combining with (1) and simplify-
ing gives

_» B
T Ea BX-—d2

3

Equation (3) supplies the temperature rise of the pin capa-
ble of generating the prescribed nominal contact pressure p
(=100 MPa) between pin and plate.

According to the classical thick pressure vessel theory,
the principal stresses in the hub, on the hole surface, are
the hoop and radial stresses, given by (Budynas et al.[35]):
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Fig.4 Pin-hub coupling used for calibration of the finite element
model: sketch of the model (a), and numerical prediction of the con-
tact pressure, hoop stress and equivalent von Mises stress

“

®

It comes that the equivalent von Mises stress in that
region can be written as:

— /A2 2
OyvonMises — Gc + Ur 0.0,

Introducing (4) and (5) into (6) and simplifying gives:

4
% 3+ ()
1-(5)

The configuration in Fig. 4a was used to perform the
convergence analysis of the finite element model, giving
an element side length of 0.02 mm on the contact inter-
face, as described above.

For this pin-hub coupling configuration, the blue curve
in Fig. 4b shows the accurate prediction of the contact
pressure as a function of the angular position (i.e., the
radial stress). Similarly, the red and the black curves

(6)

OvonMises —

)

describe the hoop stress and the equivalent von Mises
stress predicted by the finite element model. These three
values, which are obviously constant along the whole
contact surface, coincide with the values predicted by
Egs. (4), (5), and (7), respectively.

3 Results

Figure 5 displays the results for two pin-plate couplings
in terms of contact pressure (left column) and equivalent
von Mises stress (right column): Fig. 5a, b refer to the
configuration with d = 10mm, L = 40mm, and e = Omm,
while Fig. Sc, d refer to the configuration with d = 30mm,
L = 60mm, and e = 10mm.

Figure 6 presents three graphs displaying the finite ele-
ment prediction of the contact pressure profiles along the
interface, as a function of the angular coordinate. Each plot
collects the six curves corresponding to one of the pin diam-
eters investigated in the test plan: d = 10mm in Fig. 6a,
d = 20mm in Fig. 6b, d = 30mm in Fig. 6¢c, while different
type of lines and thicknesses values are used to distinguish
the length of the plate L, and the offset e. For each plot, we
reported a black line, which represents the numerical contact
pressure for the reference pin-hub configuration with the
same d /B ratio of that set.

With the same layout as in Figs. 6, 7 displays the finite
element prediction of the equivalent von Mises stress along
the contact interface of the plate (d = 10mm in Fig. 7a,
d = 20mm in Fig. 7b, d = 30mm in Fig. 7c). For each plot
we reported a black line, which represents the analytical
von Mises stress for a pin-hub configuration with the same
d/B ratio of that set. The analytical von Mises stress was
calculated according to Eq. (7).

For three configurations, Fig. 8 compares the photoelas-
tic measurements performed by Lambert[2] (left side) on
a plate with a length L=10 inches, and zero offset e of the
pin, with the finite element predictions of Tresca equiva-
lent stress (right side) obtained in the present work: Fig. 8a
focuses on a configuration with a diameter over plate width
ratio d/B=0.25, while in Fig. 8b and c the configurations are
quite close but not identical in terms of d/B ratio.

Figure 9 presents the stress concentration factor in the
coupling as a function of the pin diameter over plate width
ratio. Specifically, we calculated the stress concentration
factor in two ways: firstly, the solid circles display the ratio
between the peak contact pressure value for the 18 configu-
rations in Fig. 6 and the reference configuration (pin-hub
coupling, p = 100 MPa, Fig. 4), namely &, ,. Secondly, the
crosses display the ratio between the peak von Mises stress
values in the curves in Fig. 7 and the constant von Mises
stress value in the corresponding reference configuration

@ Springer
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Fig.5 Contact pressure (left column, N/mm?) and equivalent von Mises stress (right column, N/mm.?) for two pin-plate coupling configurations:
d = 10mm, L = 40mm, and e = Omm (a), (b); d = 30mm, L = 60mm, and e = 10mm (c), (d)

(same d/B ratio, solid black lines in Fig. 7), namely £,

t,vonMises

4 Discussion

The contour maps in Fig. 5 provide a clear trend of the con-
tact pressure and equivalent von Mises stress for two remark-
ably different coupling configurations. The configuration in
the first row (Fig. 5a, b), featuring a small pin diameter in
the centre of a square plate, exhibits a nearly uniform contact
pressure (Fig. 5a), with a value quite close to 100 MPa: this

@ Springer

value equals that of the reference pin-hub configuration in
Fig. 4. It comes that also the equivalent von Mises stress
in Fig. 5b is quite uniform in the circumferential direction,
while decreasing in the radial one. However, it is worth not-
ing to observe that the maximum value (about 190 MPa) is
nearly equal to that of the pin-hub configuration with the
same d /B ratio (about 185 MPa, see the corresponding black
curve in Fig. 7).

Quite less uniform is the contact pressure trend for the
configuration in Fig. 5c, where the large ratio of the pin
diameter over the plate width makes the plate stiffness
significantly different along the circumferential direction.
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Fig.6 Contact pressure as a 180,
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Fig.8 Comparison between the photoelastic measurements per-
formed by Lambert [2] (left side) for three different configurations
and the finite element predictions of Tresca equivalent stress (right
side) obtained in the present work, for the same a or quite similar b
and c¢ configurations. Numerical values on the right correspond to the
Tresca stress values of contour lines in MPa

Specifically, we observe a minimum contact pressure value
in the bottom part of the contact interface, since the plate is
locally stiffer than elsewhere, and displaces the pin upward.
In the horizontal as in the vertical direction, due to the low
thickness (i.e., local low stiffness) of the plate the con-
tact pressure is again low, while it reaches a maximum at
an angle of 45° from the horizontal direction, due to the
high radial thickness (i.e., high local stiffness) of the plate.

2.0
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Stress concentration factor, k, ,, k; yon mises

Contact pressure
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0.2 0.3 0.4 0.5 0.6 0.7 0.8
d/B

Fig.9 Stress concentration factor plotted as a function of the pin
diameter over plate width ratio calculated from peak contact pres-
sure values, k,yp (solid circles), and from peak von Mises stress values,
kt,vonMises (CI'OSSCS)

The contour plot of equivalent von Mises stress in Fig. 5d
describes a similar behaviour: the bottom region of the plate
exhibits low stress values, while the regions with minimum
plate thickness (along the horizontal and vertical directions)
show a nearly uniform high stress throughout. On the bisec-
tor of the first quadrant, where the contact pressure reaches
its maximum, a peak equivalent von Mises stress arises at
the hole surface.

The curves of the contact pressure in Fig. 6 confirm the
trend observed for the two configurations in Fig. 5. The red
curves in Fig. 6a, which refer to the pin diameter d = 10 mm
(i.e. d/B = 0.25), describe a contact pressure quite close to
the reference value of 100 MPa on the whole contact inter-
face, with a negligible effect of the length of the plate L and
the offset e of the pin.

The blue curves in Fig. 6b, pin diameter d = 20 mm
(i.e., d/B = 0.5), exhibit a contact pressure oscillation
along the contact circumference which ranges from about
92.5 MPa up to 115 MPa for the configuration with L =
120 mm and e = 0 (continuous thick blue line). In addition,
the effect of the plate length L and the pin offset e is non
negligible. On the one hand, compared to the square plate,
a higher length causes the contact pressure to significantly
increase on the left (6= —90°) and right side (6 =90°)
end of the contact interface (continuous thin vs thick blue
curves): this can be imputed to the higher stiffness of the
plate sides. On the other hand, the pin offset makes the
contact pressure distribution non symmetric between the
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left side (8 =-90°) and the right side (6§ =90°) of the plate
(dashed vs continuous lines): this comes from the signifi-
cant difference in the plate stiffness between the left and
right side of the coupling.

The green curves in Fig. 6¢, pin diameter d =30 mm (i.e.,
d/B=0.75) highlight a strong amplification of the effects
described above: the contact pressure along the interface
ranges from a minimum of about 75 MPa up to a peak more
than 160 MPa for the configuration with L =80 MPa and
e =20 (dotted thin green line). This testifies a remarkable
oscillation compared to the reference value of the pin-hub
coupling in Fig. 4. The increase of the plate length L and the
pin offset e confirms their effect as highlighted for the blue
curves (d =20 mm) in terms of the contact pressure increase
in the tails of the distribution and also with regard to the
asymmetry of the distribution between left and right side.

The trend of the equivalent von Mises stress curves in
Fig. 7 resembles that of the contact pressure in Fig. 6. For
the lower d/B ratio (red curves in Fig. 7a), the numerical
von Mises stress on the hole surface of the plate is nearly
constant and very close to the analytical value of the corre-
sponding pin-hub coupling. The blue curves in Fig. 7b (d/B
=0.5) exhibit a small oscillation across the analytical refer-
ence value and a low asymmetry between left (§=—90°)
and right side (§=90°) in case the pin offset is different from
zero (dashed curves). For the higher d/B ratio (green curves
in Fig. 7¢), both the oscillation across the reference value
(pin-hub coupling d/B =0.75) and asymmetry between left
and right hand in case of non-zero pin offset (dashed curves)
are quite strong. On the one hand, the symmetric configura-
tions exhibit a peak von Mises stress for §=0°, where the
radial thickness of the plate is minimum. On the other hand,
the asymmetric configurations show a peak von Mises stress
at §=—45°, due to the peak contact pressure in that same
place (see Fig. 6).

The comparison between photoelastic measurements and
finite element predictions in Fig. 8, which focuses on three
pin-plate coupling configurations, provides a clear assess-
ment of the accuracy of the finite element model in predict-
ing the response of the system.

Despite a small difference between experimental and
numerical configurations in Fig. 8b and ¢ (a smaller d/B
ratio in Fig. 8c, and a larger one in Fig. 8c on the numerical
side), we can observe an excellent agreement between the
experimental and numerical fringe patterns: the same num-
ber, position, and shape for all the three cases.

Thanks to the calculation of the stress concentration
factors kt, p and k¢, von Mises, Fig. 9 provides an over-
all synthesis of the numerical results for design purposes.
It is worth noting that in terms of peak contact pressure
(solid circles in Fig. 9), we have a significant increase over
the value of the reference configuration only for a d/B
ratio equal to 0.5 or larger. Specifically, the peak contact
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pressure is about 15% higher than the reference one for
d/B=0.5, while it reaches more than 50% for d/B=0.75.

From the stress concentration factor calculated upon the
von Mises stress (crosses in Fig. 9), appears an interest-
ing result: the stress concentration is quite low for all the
three pin diameter over plate width ratios, ranging from
a value slightly higher than one for d/B=0.25, up to a
value of about 1.15 for d/B=0.75. The trend as a function
of the d/B ratio is linear, and some differences emerges
between the different configurations as this ratio increases.
This parameter proves that the stress field of the pin-plate
coupling is nearly the same as for the pin-hub coupling,
although a small concentration can be observed in the pin-
plate coupling, specifically at a high d/B ratio.

The plot of the average contact pressure in Fig. 10
shows that the average contact pressure is much lower
than the peak contact pressure, while at the same time it
is higher than the nominal contact pressure of 100 MPa
of the reference pin-hub coupling: this testifies a higher
pull-out capacity of the joint. At the same time, the trend
of the contact pressure for the three levels of the d/B ratio
is quite similar to that of the equivalent von Mises stress
(crosses in Fig. 9); thus, this higher contact pressure is
directly linked to the higher stress state in the material.

On the whole, these results provide a thorough insight
into the mechanical response of the pin-plate coupling, for
different dimensional ratios, and pin offset values. Specifi-
cally, the exact knowledge of the contact pressure varia-
tion along the circumferential direction, as well as the von
Mises stress in the plate, are the basis for a rational design
of the coupling.
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Fig. 10 Average contact pressure for all the configurations of the pin-
plate coupling
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We underline that this work focused on a steel coupling,
but the trend of the results discussed above would be the
same even for a different type of material.

A potential application of this system could be the devel-
opment of a compact specimen to assess the shear strength
of bonded interfaces: this can be easily obtained press fitting
and bonding the pin to the plate and promoting shear stresses
on the contact interface by applying a torsional load about
the pin axis, by using the plate as a lever arm.

5 Conclusions

Given their widespread use in industrial applications, this
work performed a numerical investigation of interference fit
couplings between a perforated finite plate and a round pin,
considering all the typical configurations that can be used
in practice. By varying the pin diameter, the plate length,
and the pin offset in the longitudinal direction, all of them
normalized over plate width, we focused on a total of 18
configurations. To originate the interference between pin and
plate, the finite element model applied a uniform tempera-
ture increase to the pin, calculated to generate a contact pres-
sure equal to 100 MPa in a simplified pin-hub coupling, thus
allowing a straightforward comparison and normalization
of the results. The curves of the predicted contact pressure
along the contact surface show a strong dependence from the
pin diameter over plate width ratio, and, in addition, from
the pin offset, and the plate length. A similar behaviour was
observed for the equivalent von Mises stress. The compari-
son with photoelastic results for some specific configurations
taken from the literature prove the excellent prediction by
the finite element model. In addition, two stress concentra-
tion factors are provided to help designers: the first in terms
of peak contact pressure, the second in terms of peak equiva-
lent von Mises stress. These factors are calculated on the one
hand over the reference contact pressure of 100 MPa, and,
on the other hand, over the von Mises stress of a reference
pin-hub coupling configuration with the same pin diameter
over plate width ratio.
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