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Abstract. The paper presents the results of experimental research and finite element analyses (FEA) on the impact of the aircraft
rivet installation process and the type of rivet material on the geometric parameters of the driven rivet head, rivet hole expansion
(relative interference), residual stresses in sheets, clamping stress and clamping force between sheets in three-row riveted lap
joints, as well as linking the obtained results with observations of fatigue crack initiation sites in real riveted joints. Research
was carried out for universal head rivets (MS20470ADS5-5 and MS20615-5M5) with a shank diameter of 3.96 mm and a length
of 7.94 mm, made of two materials, namely aluminium alloy (2117-T4) and nickel-copper alloy (Monel 400), used to join two
AA2024-T3 sheets with a thickness of 1.0 mm and 1.6 mm. The experimental tests focused on determining the mechanical
properties of sheet and rivet materials (using the digital image correlation DIC technique), geometric parameters of driven rivet
heads, and rivet hole expansion, depending on the rivet material and the riveting force level. The results obtained from the
numerical models revealed that at the same degree of rivet squeezing, rivets made of Monel 400 generate significantly higher
negative residual stresses and residual clamping than rivets made of AA2117-T4, which will affect the contribution of friction
to load transfer by a given rivet row and the fretting phenomenon in real riveted joints. The region of compressive residual hoop

stress in sheets and the clamping force influence the fatigue crack initiation site and the crack path.

Key words: riveting process; rivet material; finite element analysis (FEA); residual stress; fatigue crack initiation site.

1. INTRODUCTION

The invaluable advantages of riveted joints [1, 2, 3, 4] make
them still extensively utilized in aerospace structures for joining
thin sheets of helicopter and aircraft fuselages, and other
elements stiffening these structures, such as frames or stringers
[5, 6, 7]. Simultaneously, these joints remain fatigue-critical
areas of the aerospace structures, as evidenced by reports and
documents of the National Transportation Safety Board
(NTSB) and the Federal Aviation Administration (FAA),
revealing the presence of numerous fatigue cracks in riveted
joints of many airplanes and helicopters [8, 9, 10, 11], and the
so-called Multiple Site Damage (MSD) phenomenon [6, 12].
The fatigue life prediction methods for riveted lap joints used
in aerospace [13, 14, 15], despite their gradual evolution [16,
17, 18, 19], are most often semi-empirical methods, based on
the results of multidirectional experimental studies. For this
reason, they require precise quantification of all phenomena
occurring during the element joining process and their cyclic
(fatigue) loading.

Riveted joints belong to the group of connections, in
contrast to bolted joints, in which the plastic deformation
process of the fastener during its installation causes permanent
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deformations around the rivet hole and residual stresses in the
joined elements. The residual deformations occurring in the
joint, which result in the rivet hole expansion, and the residual
stresses around the rivet hole, as well as the clamping force of
the joined elements during external cyclic loading have a
fundamental impact on the fatigue crack nucleation location
[20, 21, 22, 23], the crack path [16, 24, 25], the fretting
phenomenon [8, 26, 27] and the fatigue life of the entire
structure [28, 29, 30, 31]. Figure 1 presents in a simplified way
the complex influence of many different and interconnected
design and technological factors, and materials of joint
elements on various phenomena (often interrelated) occurring
in riveted lap joints, affecting their fatigue properties. The
research results indicate that even with a selected geometric
configuration of rivets and sheets, joint materials, and rivet
configuration in a riveted joint, a rise in the squeeze force (Fsq)
level (before joint loading) increases the residual clamping
between the joined elements (clamping stresses ocp and
clamping force Pcr) [8, 28, 32, 33] and causes a larger rivet hole
expansion [34, 35, 36, 37], also known as relative interference
(he). Higher residual clamping leads to both a greater friction
force (Trr) between the joined sheets [8, 26, 38] and a larger
stiffening area beneath the rivet heads, which affects the
secondary bending phenomenon [39, 40, 41] during the loading
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of the lap joint. The increase in rivet hole expansion changes
the value of the residual stresses around the rivet hole and often
also their nature (from tensile to compressive) [8, 42, 43, 44],
and influences the load transfer (transfer force 7Ttr) through
subsequent rivet rows during joint loading [45, 46, 47]. The
joint element materials and each of the design and technological
factors presented in Fig. 1, through the squeeze force, causes a
disproportionate quantitative change in the above-mentioned
(and interacting) parameters generated by the riveting process
and the joint load level, consequently changing the load transfer
method and the crack formation mechanisms, and thus the
fatigue life (V) of the riveted joint.
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Fig. 1. Factors influencing the fatigue response of a riveted lap joint.

The consideration presented above shows that the study of
the influence of respective production variables of a riveted
joints and precise quantification of all parameters related to the
riveting process that affect the fatigue life of riveted joints is not
a simple process. Apart from difficult, time-consuming and
expensive experimental tests, the finite element method (FEM)
has become a very convenient and extremely useful tool for
extensive research on riveted joints. Finite element (FE) models
and finite element analyses (FEA) enable the study and
quantification of many phenomena and parameters that are
sometimes not easy or even impossible to determine
experimentally. However, a word of caution is needed because
an improperly developed numerical model and incorrect
assumptions made during its definition, and even more so the
lack of its validation, may lead to completely erroneous results
and conclusions. In the literature on riveted joints, it can be
observed that works presenting the results of the FE analyses of
the riveting process often do not contain any information on the
validation of the developed FE model, or are limited only to the
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inspection of primary parameters, such as the dimensions of the
rivet driven head. Moreover, the parameters of the material
models used in these works in the FE models often do not come
from the authors’ own experimental tests, but from works found
in the literature, which may vary considerably for a given
material depending on the material provider [8, 48]. There is
also little research work on the distribution of residual clamping
stress and the magnitude of the clamping force generated
between the thin sheets in the joints with aluminium aircraft
rivets after the riveting process, which significantly affect the
value of load transfer through the critical rivet rows and the
fretting phenomenon and, consequently, the fatigue behaviour
of the riveted lap joints. There is also a lack of information in
the literature on the mechanical properties of aircraft rivets
made of a nickel-copper alloy (Monel 400), as well as research
on joints made with this type of rivets.

The paper presents the research results of mechanical
properties of sheet and rivet materials typically used in aircraft
structures and the experimental test results of the installation
process of the investigated rivets at different squeeze force
levels. A three-dimensional finite element model of the riveting
process and the results of numerical analyses related to the
influence of the considered variables on the residual stresses in
the investigated riveted joints are also presented. The FE model
was validated by comparing the numerically predicted and
experimentally determined driven rivet head shapes, driven
rivet head diameters, driven rivet head heights, as well as the
distribution and magnitude of rivet hole expansion. The
performed experimental tests included study of the effect of the
rivet material and the degree of rivet squeezing on the geometric
parameters of the driven rivet head (primary indicators of the
riveting process quality in the aerospace industry) and on the
expansion of the rivet hole. The numerical analyses focused on
study of the influence of the riveting process and the mechanical
properties of the rivets on the distribution and the value of
residual stresses in the sheets, the distribution and the range of
residual clamping stress on the faying surface of the sheets, and
the magnitude of clamping force between the sheets. According
to the present authors’ knowledge, no research on Monel 400
material used for MS20615 rivets, as well as experimental and
numerical investigations on joints with rivets made of Monel
400, have been previously presented in the literature or
compared with MS20470 rivets made of AA2117-T4.

2. MECHANICAL PROPERTIES OF SHEETS AND RIVETS

The research considered riveted joints composed of aircraft
aluminium alloy sheets (AA2024-T3 Alclad) with two different
thicknesses (¢) of 1.0 mm and 1.6 mm and rivets with a diameter
(d) of 3.96 mm made of two different materials, i.e. aluminium
alloy (AA2117-T4) and nickel-copper alloy (Monel 400). As
previously stated, the mechanical properties of a specific
material may vary significantly depending on the material
supplier. To determine the precise material properties of the
elements of the examined riveted joints, which are essential for
the accurate definition of material models within the elastic and
plastic range in the FE models, static tension (sheet material)
and compression (rivet material) tests were conducted.
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2.1. Geometry of specimens

For static tensile tests of sheet material (AA2024-T3), with
thicknesses of 1.0 mm and 1.6 mm, four flat specimens were
used for each sheet thickness, compliant with ISO 6892-1:2009
standard [49], with the geometry shown in Fig. 2a. The
specimens were cut out from the same sheet as the elements of
the riveted joint using high-pressure water jet -cutting
technology. Each specimen was oriented such that its axial
loading direction was perpendicular to the rolling direction of
the sheet. This is consistent with the most common orientation
of the skins sheets in a pressurized fuselage, considering that
the axial loading on the specimens represents the
circumferential stress [50]. In the case of static compression
tests of rivet materials (AA2117-T4 and Monel 400), solid
cylindrical specimens with a diameter of 3.96 mm and a length
of 5.4 mm were used (Fig. 2b). The ratio of both dimensions,
according to the ASTM E9 standard [51], classifies them as
short specimens. The selected length and diameter of the
specimens resulted from the fact that these specimens were cut
out from rivets used in riveted joint tests. The specimens were
fabricated on a lathe by removing the manufactured rivet head
and the rivet shank end.
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Fig. 2. Geometry and dimensions (mm) of specimens used in: (a) tensile
test of sheet material; (b) compression test of rivet material.

2.2. Test stand and test parameters

Tension and compression tests were performed on an MTS 810
servo-hydraulic test machine controlled by an MTS FlexTest
SE controller and TestWorks 4 software. Static tensile tests of
the sheet material were carried out in accordance with the PN-
EN 10002-1:2004 standard [52], where strains in the
longitudinal direction of the specimen were measured using an
Epsilon 3542-025M-025-ST extensometer with a gauge length
of 25 mm and a measuring range of £6.25 mm, and in the
transverse direction using an Epsilon 3575-250M-ST
extensometer with adjustable gauge length and a measuring
range of +2.5 mm (Fig. 3a). During the tensile test, in the elastic
range the stress rate (¢') was close to 10 MPa-s™!, while in the
plastic range the strain rate (¢') was close to 0.0012 s™!. Static
compression tests were carried out under conditions similar to
those specified in the ASTM E9 standard, and strain
measurements were conducted using digital image correlation
(DIC) technique. For this purpose, a Dantec Dynamic Q-400
measurement system equipped with two 5.0 Mpx cameras and
an LED illumination system was used, as shown in Fig. 3b. The
analysis of the strain fields recorded by the DIC Q-400 system
for the tested specimens was performed using Istra 4D software,
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which enables evaluation and visualization of the recorded
measurement results [53]. Compression tests were performed at
atest speed of 0.162 mm/min, which corresponds to a strain rate
(") 0f 0.0005 s,

a)

Fig. 3. Testing equipment for static tests: (a) tensile test of sheet material
with two contact extensometers; (b) compression test of rivet material using
a Dantec Dynamics Q-400 DIC system.

2.3. Tension and compression test results
Representative engineering and true (for the plastic range)
stress—strain curves of the analysed sheet material determined
from the tensile tests are shown in Fig. 4a. The results indicate
that both the engineering (o—¢) and true (Guuc—eirue-pt) curves for
both considered sheet thicknesses (1.0 mm and 1.6 mm) almost
coincide. The obtained average values of Young's modulus
(£=70 GPa for both sheet thicknesses), Poisson's ratio (v=0.33
for both sheet thicknesses) and yield strength (So.,=310 MPa for
1 mm and Sp,=317 MPa for 1.6 mm) are typical for the
investigated 2024-T3 aluminium alloy and are consistent with
the literature results [54, 55], and at the same time exceed the
required minimum values specified by MIL-HDBK-5H [56].
Representative engineering o—¢ and true Giue—Eiruepl CUrVes
obtained from compression test for rivets material made of
AA2117-T4 and Monel 400 are shown in Fig. 4b. Research has
shown that despite the comparable Poisson's ratio values for
both rivet materials (v=0.33 for AA2117-T4 and v=0.32 for
Monel 400), the Young's modulus value of the rivet material
made of the Monel 400 is almost 2.5 times higher (E=173 GPa)
than the rivet material made of the AA2117-T4 (E=70 GPa).
Similarly, rivets made of Monel 400 have twice the yield
strength (438 MPa) than rivets made of AA2117-T4 (221 MPa).

3. EXPERIMENTAL RESEARCH OF RIVETING PROCESS

3.1.
The research was carried out on riveted joints made of rivets
and sheets used in the aircraft industry. The study included two
types of riveted joints, where one type of joint used universal
head MS20470ADS5-5 [57] rivets made of 2117-T4 aluminium
alloy (AD rivets), while the second type used MS20615-5M5
[58] rivets made of Monel 400 nickel-copper alloy (M rivets).

Geometry of riveted joints and riveting process
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Both types of rivets had nominal shank diameter of @=3.96 mm
and shank length of /=7.94 mm, and their geometry and
dimensions are shown in Fig. 5. Each riveted joint composed of
two 2024-T3 Alclad aluminium alloy sheets of different
thicknesses (=1.0 mm and =1.6 mm).
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Fig. 5. Geometry and dimensions (mm) of universal head rivets: (a) used in
the experimental tests; (b) adopted in the FE model; (¢c) MS20470-AD5-5;
(d) MS20615-5MS5.

Investigation of the influence of the squeeze force (Fisq) and
the rivet material on the diameter (D) and height (H) of the
driven rivet head, as well as on the rivet hole expansion (%e),
was carried out on “2x10” specimens, with the geometry and
dimensions shown in Fig. 6. These specimens were cut from the
same sheets as the tensile test specimens using high-pressure
water jet cutting technology. Sharp edges remained after the
water cutting process was removed using a deburring machine.
After the two sheets that form the joint were pressed together,
rivet holes were drilled at one fastening using a drill with a
nominal diameter of d¢=4.07 mm. Then the edges of the rivet
holes on both sides of the sheet were deburred (0.1x45°). This
operation is also used in the aircraft industry to remove sharp
edges and burrs created after the hole drilling process.

? n B4.07
v  ;
L - - - - - - -

~25=13—
e 251 -

Fig. 6. Geometry and dimensions (mm) of specimens for experimental
research on the riveting process.

Riveting of investigated joints were performed in a static
way with a controlled force on the MTS 810 testing machine.
The riveting process was carried out at a punch speed of v,=25
mm/min until the assumed Fi, force was achieved. During the
installation of the rivets in the specimens, a special riveting tool
(squeezer), shown and described elsewhere [31], was used. This
tool ensured the preliminary clamping of the jointed sheets and
the proper alignment of the rivet with both the punch and the
rivet hole. It also guaranteed the formation of an axially
symmetrical driven rivet head during the riveting process. The
rivets were installed in the specimens in such a way that the
manufactured rivet head was on the side of the thinner sheet
(=1.0 mm).

3.2. Effect of squeeze force and rivet material on the

driven rivet head dimensions

The D/d ratio in the aircraft industry, which is the ratio of the
driven rivet head diameter (D) and the rivet shank diameter (d),
is usually considered as a first and basic quality control criterion
for riveted joints [6, 8]. This is due to the fact that for a given
rivet type, joint geometry, and joint materials, the D/d ratio is
closely related to the Fiq force. In general, it can be stated that
depending on the combination of selected rivets and sheets, the
application of the joint, and the manufacturer of the aviation
industry, the commonly accepted values of the D/d ratio are in
the range of 1.25+1.8 [8, 28, 59, 60]. The second indicator of
the quality of the riveting process is the H/A ratio, which is the
ratio of the driven rivet head height (/) and the initial height of
the rivet shank above the surface of the joined sheets (/).

After installation of rivets in specimens with different Fyq
forces, the driven rivet head diameters (D) were measured using
a calliper with an accuracy of 0.01 mm in two mutually
perpendicular directions, and based on this the average value of
the driven rivet head diameter was determined for a given Fyq
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force and a given rivet material. Then, the heights of the driven
rivet heads (H) were measured with an accuracy of 0.01 mm
using an electronic dial gauge, by measuring the offset of the
tip of the dial gauge located in the centre of the driven rivet head
relative to the sheet surface.

The influence of the squeeze force (Fyq) and the rivet
material (AA2117-T4 and Monel 400) on the normalised driven
rivet head dimensions (D/d and H/h) for the considered joints,
determined from experimental measurements, is presented in
Fig. 7. As expected, regardless of the rivet material, an increase
in the F'q force causes a systematic increase in the D/d ratio and
an opposite trend in the H/A ratio. As can be seen, in the entire
analysed range of D/d and H/h ratios, rivets made of Monel 400
require a definitely higher Fi, force (42%+55%) to obtain the
same D/d and H/h ratio than rivets made of the AA2117-T4.
For example, AD rivets to obtain the most commonly used ratio
D/d=1.5 require a force of Fq=15.5 kN, while M rivets require
a force of F¢=22.9 kN, which is almost 1.5 times greater.
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Fig. 7. Effect of the F, force on the D/d and H/h ratios obtained from
experimental measurements for rivets made of AA2117-T4 and Monel 400.

The relationships between the D/d and H/h ratios and the Fq
forces determined in this section will be used later to validate
the developed FE models in the entire range of the analysed Fyq
forces. Then, the determined values of the Fi, forces for a given
rivet material will be used as input data for the FE models
utilised to analyse residual stresses in the studied riveted joints.
Furthermore, the obtained values of the F, forces for each rivet
material, corresponding to the ratios D/d=1.3, D/d=1.5 and
D/d=1.6, will be used in the next part of the experiments to carry
out measurements related to the rivet hole expansion (%e).

3.3. Rivet hole expansion measurements

An extremely important and experimentally measurable
parameter related to the riveting process, which has a direct
impact on the residual stresses in the joined sheets, is the rivet
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and then polished (and etched, if necessary) to facilitate
observation of the boundary between the rivet and the sheet. In
the fourth step, the rivet hole diameter (d.) is measured under a
microscope. After measuring ke, the specimen is milled to
subsequent depths z; at which next diameters (d;) are measured.
The rivet hole expansion measurements can be performed
simultaneously on both sides of the joint.

The riveting of the specimens used to investigate the effect
of the Fq force and the rivet material on /e was carried out in
the same way and using the same riveting tool as described in
Section 3.1. The hole expansion measurements were carried out
in thinner sheets (/=1.0 mm) at a depth of z;=0.5 mm, while in
thicker sheets (#=1.6 mm) at a depth of z;=0.2 mm and then
2,=0.8 mm. Milling of the specimens to the appropriate depth z;
(including removal of the rivet heads) was performed on a Haas
Mini Mill CNC milling machine. Measurements of dj and d.
individually for each rivet hole were performed in two mutually
perpendicular directions using a Keyence VHX-600 digital
microscope at a magnification of 50x and with a measurement
accuracy of 107 mm.

The average values of ke (achieved from three samples)
obtained from the experimental measurements for the
considered rivet materials and different degrees of rivet
squeezing (D/d) are shown in Fig. 8. The results indicate that,
regardless of the rivet material and the measurement location,
he systematically increases with the increase of the Fi, force. It
can be seen that for each of the analysed rivet materials
(AA2117-T4 and Monel 400) the value of /e in the sheet next
to the manufactured head is significantly smaller than in the
sheet next to the driven rivet head. This can be explained by the
fact that during the riveting process the plastic deformations of
the rivet in the radial direction are significantly larger on the
driven head side than on the manufactured head side. The
manufactured head is integrated with the rivet shank, which
makes it difficult to freely deform the shank in this place
towards the rivet hole, while the other side of the rivet, where
the driven rivet head is formed, deforms much more easily
under the action of the riveting punch, and the only resistance
that occurs in this place is the friction force between the rivet
(driven rivet head) and the riveting tool. Analysing the effect of
the rivet material on e, it can be observed that regardless of the
value of the D/d ratio, both on the side of the driven rivet head
and on the side of the manufactured head, the hole expansion

9
=8| 2117-T4 (AD) Monel 400 (M) 78
=
L an Dld=1.3 Dld=1.3
Dld=1.5 Dld=1.5
6 D/d=1.6 Dld=1.6

5.1

<
hole expansion (%e). This parameter is defined as he=(d—dy)/d, 8
where dj and d. are the rivet hole diameters before and after §4 L N
riveting, respectively. s B
Rivet hole expansion measurements were performed using o
the previously developed measurement method [29]. This 2 1
method, in the first step, involves removing the manufactured 0 0
and driven rivet heads located above the surfaces of the 0 05 8 2.4
. . Distance from the manufactured head Z, (mm)
connected sheets. In the second step, the specimen surface is
milled in a plane perpendicular to the rivet axis to the desired
depth z;. In the third step, the milled specimen surface is ground

3 |
o 2323
12
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Fig. 8. Average values of /e obtained from measurements for two rivet
materials (AA2117-T4 and Monel 400) and D/d ratio of 1.3, 1.5 and 1.6.
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for M rivets is much larger (2.2+5.1 times) than for AD rivets.
This indicates that a rivet made of a harder nickel-copper alloy
(Monel 400) deforms the sheet material (AA2024-T3) around
the rivet hole much more easily than a rivet made of a softer
aluminium alloy (2117-T4). It should be noted that the
percentage difference in he between the considered rivet
materials decreases with an increase in the D/d ratio.

4. FE MODEL DESCRIPTION

Numerical analyses were conducted utilizing the ANSYS
Mechanical 2021 R2 environment [61]. Due to the complexity
of analysed issue, the developed three-dimensional (3D) FE
models took into account the non-linear material behaviour of
the rivets and sheets, the contact and friction conditions
between all cooperating elements (both the joint elements and
the riveting tools), and the boundary non-linearity resulting
from the varying contact conditions between the surfaces of the
sheets and the rivet. In order to take into account the mutual
interaction of adjacent rivets in the joint, FEA was performed
for three-row riveted lap joints, which are a typical type of
connection for longitudinal joints of the aircraft fuselage [8, 59].
In view of the constant pitch of the rivet in each row (p=20 mm),
the FE analyses were performed for a representative joint
fragment with a length of 226 mm and a width of 20 mm, with
one rivet in each row, as shown in Fig. 9. The analysed joint, as
in the case of experimental tests, consisted of two aluminium
sheets with a thickness of 1.0 mm and 1.6 mm and universal
head MS20470ADS5-5 and MS20615-5MS rivets. To precisely
reproduce the real geometry of the analysed riveted joints, the
chamfering of the rivet holes edges (0.1x45°) was also included
in the FE models (see Section 3.1). In order to obtain high
regularity and better quality of mesh in the FE models, slight
simplifications were introduced in the geometry of the used
rivets, as shown in Fig. 5b. It was assumed, namely, that the
diameter of the flat upper surface of the manufactured rivet head
is the same as the diameter of the rivet shank (€3.96 mm).
Furthermore, the rounding with a radius of R0.25 mm under the
manufactured rivet head was removed, and the radius of R1.25
mm at the end of the rivet shank was replaced with a 0.2 mm x
45° chamfer.

The analysed fragment in the FE model
—

A}

©

—
Y
A

i S
: ; =
i

—20-10
- 143 -
226 -

Fig. 9. Geometry and dimensions (mm) of riveted lap joints adopted in the
FE models.

4.1. Material models for rivets and sheets

The sheets and rivets in the FE models were modelled as
flexible bodies defined by an elastic-plastic material models
with multi-linear isotropic hardening, used in the analyses of
large plastic deformations. The riveting tools (hold-ons and
punches) were modelled as rigid bodies. The material models

of sheets (AA2024-T3) and rivets (AA2117-T4 and Monel 400)
were defined based on the experimental tests described earlier
(see Section 2.3). The elastic range was defined based on
experimentally determined values of Young's modulus (£) and
Poisson's ratio (v). The curves in the plastic range were defined
in a discrete form by providing data for points located on the
experimentally determined iue—¢irue-pt Curves shown in Fig. 4.

4.2. Boundary conditions, loads and FE model
parameters

The boundary conditions and the load implementation method
adopted in FEA are shown in Fig. 10. Using the symmetry
boundary condition with respect to the X-Y plane passing
through the rivet axes, the calculations were performed for half
of the joint, assuming the same behaviour of the elements on
the opposite side of the adopted symmetry plane. The second
symmetry condition in a plane parallel to the X-Y plane was
defined on the edge of the sheets to take into account the impact
of the remaining part of the joint and the rivets on the analysed
fragment of the riveted joint. All degrees of freedom on the end
surfaces of the sheets (outside the overlap) were constrained
using the remote displacement option [61], allowing them to
move freely only along the X axis. Similarly, the hold-ons and
punches were completely locked using the remote displacement
option applied to the side surfaces of these elements, with the
difference that the punches could move freely along the rivet
axis (Y axis). The riveting process was carried out in three
stages, where in stage I the rivets were compressed and
deformed, in stage II the rivets were relieved, and in stage I11
the riveting sets were moved away. In stage I, loads
corresponding to squeezing forces (F) were applied to the lower
surface of the punches in the Y axis direction using a remote
force option [61], which were gradually increased until the
maximum assumed value corresponding to the Fy, force was
reached. In stage II, the F force was slowly decreased to
completely relieve the rivets and achieve zero force value on
the rivets. In stage III, the remote force option was turned off
and the remote displacement option in the Y axis direction
applied to the side surfaces of the punches and hold-ons was
simultaneously activated so that all riveting tools were moved
away from the formed rivet joint.

[A] Remote Force - Punch Y

Rivet °
Symmetry plane z
pa "

[ Remote Displacement - Hold-on
Remote Displacement - Punch Hold-on
[€] Remote Displacement - Sheet 1.6 mm
[B Remote Displacement - Sheet 1.0 mm

Sheet 1.0 mm

Symmetry plane Sheet 1.6 mm

Punch

Fig. 10. Boundary conditions and load conditions applied to the solid
model in ANSYS software.

Due to the strongly non-linear nature of the conducted
analyses and the large plastic deformations occurring during the
riveting process, stage I of FEA consisted of 30 steps and a large
number of sub-steps, stage II of 3 steps, and stage III of 2 steps.
A frictional contact type with a friction coefficient of x=0.2 was
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defined between all mating surfaces [26, 62, 63, 64]. In order to
reduce the mutual penetration of bodies, which is of crucial
importance in the case of the analysed issue, and to ensure the
highest possible precision of the results, the Augmented
Lagrange method was used in the contact calculations [65].

4.3. Model discretization

An important stage in the formulation of numerical models is
discretization, the quality of which is influenced by the size of
the finite elements, their shape, and their arrangement relative
to each other. In the developed FE models, all flexible bodies
were composed only of higher-order 3D 20-node solid elements
(SOLID186), which ensure a shorter calculation time and fill
the volume of solids more efficiently than tetrahedral elements
[61, 66]. The 8-node quadrilateral and 6-node triangular
elements were present only on the surfaces of rigid bodies
(punches and hold-ons). Due to the large plastic deformations
of the mesh elements occurring during the riveting process, in
order to eliminate possible errors in the automatic discretization
performed by the ANSYS program, the mesh was modified
gradually to obtain the highest possible regularity and the best
mesh quality metrics recommended by the software
manufacturer [67]. The mesh quality assessment was made
based on three metrics, i.e. skewness, orthogonal quality and
Jacobian ratio. The FE mesh finally adopted in the developed
FE models after modifications is shown in Fig. 11. As can be
seen, the prepared mesh is denser near the rivet hole and
gradually sparse in the radial direction, and the sheets are
divided in the thickness direction into 8 elements for thicker
sheets (+=1.6 mm) and 5 elements for thinner sheets (#=1.0 mm).
With such a mesh selected, the prepared FE models contained
125,821 elements and 567,710 nodes. The analysis of the
adopted metrics to evaluate the quality of the prepared mesh
showed that all finite elements have at least good skewness
(max. 0.61) and orthogonal quality (min. 0.63), and the
Jacobian ratio value does not exceed 3.48.

0,000 10,000

iy i S -
X
20,000 (mm) Py
]
5,000 15,000

Fig. 11. Mesh adopted in the FE model.

5. VALIDATION OF THE NUMERICAL MODEL

The simplest validation of the FE models for the analysis of the
riveting process can be performed by comparing of the driven
rivet head dimensions (D and H) obtained from the experiment
measurements and FEA. However, it should be noted that
achieving the same D and H dimensions does not ensure that
the developed FE model correctly predicts the distribution and
magnitude of strains and stresses in the joined sheets [8].
Performing the correct validation of the FE model in the case of

the riveting process is a difficult and complicated task, because
the largest sheet deformations, and thus the greatest stresses
generated in the riveted joint at a fatigue-critical location, occur
in the areas covered by the manufactured and driven rivet heads.
In the present authors’ opinion, the most relevant and
experimentally measurable parameter that directly affects the
residual stresses in the sheets under the rivet heads is the rivet
hole expansion. In this paper, the validation of the developed
FE models was carried out by comparing the following four
parameters obtained from the experimental measurements and
numerical analyses: (1) the shape of the driven rivet head, (2)
the normalised driven rivet head diameter (D/d), (3) the
normalised driven rivet head height (H/k), and (4) the rivet hole
expansion (%e) at different squeeze forces (Fiq).

The preliminary validation of the developed FE models
focused on verification of the shape of the driven rivet head
after the riveting process, as presented in Fig. 12. As can be seen
for both investigated types of rivet (AA2117-T4 and Monel
400) installed with the ratio D/d=1.45, the shape of the driven
rivet heads obtained from FEA and observed in experimental
tests is barrel-shaped. This initially confirms the correctness of
the developed FE model and the properly selected friction
coefficient (u).

a) p b)

Fig. 12. Comparison of the driven rivet head shape (barrel shape) obtained
from the FE model and experimental tests for the D/d ratio of 1.45: (a)
MS20470ADS5-5 rivets; (b) MS20615-5MS rivets.

In the next step of the validation of the FE models, the
normalised driven rivet head dimensions (D/d and H/h)
obtained from the experimental tests (see Fig. 7) and FEA were
compared for both investigated rivet materials with various
values of the Fq forces, as shown in Fig. 13. As can be seen, for
both AD and M rivets, the values of the D/d and H/h ratios
obtained from the FE analyses are in very good agreement with
the results of the experimental studies. This confirms that the
developed FE models correctly predict the deformations of the
analysed rivets during the riveting process and indicates the

1.8
- 1.6+ ° o 4}_.>,>——>—‘9"‘>—'»
a o '® o>
14+ o ® - S g
® ’>/75’ hd
12 ¢ e Ny
Experimental EEA Jt
1 2117-T4 (AD) ® ® 2117-T4 (AD)
0.8~ » »> Monel 400 (M) ® ® Monel 400 (M) '
. ° > @ .a.
L >~y
<06 e ° > L AN
T e '~»'.)“P~p-
04 ° ° »*V—.)—}—>_r._>_>
0.2 I I I 1 I
8 12 16 20 24 28 32

Squeeze force F,,, (kN)

Fig. 13. Comparison of the D/d and H/h ratios as a function of the F, force
obtained from experimental measurements and FE model.
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proper relationship between the Fq force and the characteristic
dimensions of the driven rivet head (D and H) in the entire range
of the analysed degrees of rivet squeezing.

In the last step of the validation of the FE models, the values
of all experimentally measured hole expansions (see Section
3.3) were compared with the results obtained from numerical
analyses for both tested rivet materials (AA2117-T4 and Monel
400) at three degrees of squeezing D/d (1.3, 1.5 and 1.6), as
shown in Fig. 14. In the case of FEA, the lack of Ae results
directly under the rivet heads and on the faying surface of the
sheets is related to the chamfering of the edges of the rivet holes
(see Fig. 6). As can be seen, the developed numerical models
predict with good accuracy the values and distributions of /e
for all the considered D/d ratios. This proves that the
deformations of the rivets and sheets under the manufactured
and driven heads were correctly predicted, which again
confirms the correctness of the developed FE models. The
discrepancies between the results of experimental tests and
FEA visible in some places may result from the fact that the /e
measurement is difficult and very sensitive to the measured do
and d. diameters (in two mutually perpendicular directions),

WWWw .CA‘L{S(J])iblllﬂ.])illl.pl P N \-\‘\\;‘\'\'.j()Ul'll‘dl}-,l)ill’l,l)l

which causes that a small measurement error of any of these
diameters strongly affects the final result of Ze.

The high convergence of four different parameters (the
shape of the driven rivet head, D/d, H/h and he) determined
from numerical analyses and experimental tests for different Fiq
forces confirms the validity of the developed FE models for
both investigated rivet materials.

6. RESULTS OF FE ANALYSES AND DISCUSSION

During the riveting process, the rivet deformation causes the
expansion of the rivet hole and the clamping of the joined
sheets, which generates residual stresses in the formed joint.
Evaluation of these stresses was made based on the residual
radial (or), hoop (on) and clamping (ocL) stresses, which can
take on positive (tensile) and negative (compressive) values
and, as shown in Fig. 1, can influence the fatigue behaviour of
riveted lap joints.

6.1.
The distributions of residual radial stresses (or) in the analysed
joints for the two investigated rivet materials (AA2117-T4 and
Monel 400) and three D/d ratios (1.3, 1.5 and 1.6) obtained from

Residual radial stress

a) 4 . . .
: - FEA are shown in Fig. 15. As can be seen, for both investigated
33‘3-5 %%m %el 400 (M) [pra=13 rivet materials andgall considered D/d ratios, the hiihest
g3 217-T4(AD)  2117-T4 (AD) absolute values of the owr stresses are observed in the thicker
525 sheet (1.6 mm) in close vicinity to the driven rivet head. This is
@ 2 due to the fact that this location coincides the location of the
§1.5 highest /e values (see Fig. 8 and Fig. 14). It should be noted
2 1 that the distributions of the or stresses in the sheet thickness
2 05 direction are also qualitatively consistent with the distributions
ol l ‘ \ ‘ J . of he. FEA indicate that for both rivet materials the or stresses
0 .05 1 1.5 2 2.5 take negative values almost over the entire thickness of the
Distance from the manufactured head Z, (mm) joined sheets, and their value and range increase with the D/d
b) 8 ratio. Additionally, the results obtained from the FE models
< . %%{‘;"ta' o ;E':‘el 200 M D/d- 5 reveal that for the same degree of rivet squeezing (D/d), the
S 6 2117-T4 (AD) 2117-T4 AD highest negative or stresses are generated in joints with rivets
< 5 made of Monel 400, and are from 18% (D/d=1.3) to 43%
2 4 (D/d=1.5) higher than the or stresses in joints with rivets made
§ 3 J of AA2117-T4. Similarly, the range of this stresses is
3 noticeably larger for M rivets than for AD rivets. This is due to
< 2 the fact that the harder rivets made of Monel 400 with higher
T mechanical properties (So,=438 MPa) plastically deform the
% o5 1‘ s 5 25 sheet (So»=317 MPa) much easier than softer rivets made of
Distance from the manufactured head Z, (mm) AA2117-T4 (So»,=221 MPa) (see Section 2.3). Consequently,
¢) 12 while rivgting a jo'int with'a given geometry at the same p/d
Experimental  FEA Did=16 ratio, the increase in the diameter of the MS20615-5MS5 rivet
10 > > Monel 400 (M) — Monel 400 (M) will be larger than that of the MS20470ADS5-5 rivet, because
8 @ @ 2117-T4(AD) —2M7-T4(AD)] p the sheet material shows less resistance to the expansion of the

A 3 rivet shank diameter.

Hole expansion he, (%)
o

N H
<Z
v
)
N

0 0.5 1 1.5 2
Distance from the manufactured head Z, (mm)

Fig. 14. Comparison of e for rivets made of AA2117-T4 and Monel 400
derived from experiments and FEA for D/d ratio: (a) 1.3; (b) 1.5; (¢) 1.6.

6.2. Residual hoop stress

The distributions and values of residual hoop stresses (on)
generated in the sheets for the considered rivet materials and
Did ratios are shown in Fig. 16. Regardless of the rivet material,
at a small D/d ratio of 1.3, positive (tensile) stresses occur in the
sheets around the rivet hole edge in the area of faying surface
and under the manufactured rivet head. Increasing the degree of
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Fig. 16. Distributions of residual hoop stresses (1) in sheets for: (a) AD rivets and D/d=1.3; (b) AD rivets and D/d=1.5; (c) AD rivets and D/d=1.6; (d) M
rivets and D/d=1.3; (e) M rivets and D/d=1.5; (f) M rivets and D/d=1.6.

rivet squeezing (D/d=1.5 or D/d=1.6) causes that the positive
o stresses are moved to a certain distance from the rivet hole
edge, and negative (compressive) oy stresses are generated in
its close vicinity. The analysis of the effect of the rivet material
on the oy stresses generated in the sheets shows that for the
same D/d ratio, the zone of negative oy stresses is larger and the
positive stresses are moved further from the rivet hole in joints
with M rivets than in the case of joints with AD rivets. This is a
very important observation because the negative oy stresses in
the vicinity of the rivet hole reduce the stresses caused by
external joint loading [8]. This explains the trend observed by
the present authors in fatigue tests performed for joints with
different geometric parameters [17, 18, 68] and friction
conditions [26], showing an increase in the fatigue life (Vy) of
riveted lap joints with an increase in the D/d ratio.

Fatigue tests indicate that the initiation of fatigue cracks in
riveted lap joints occurs on the faying surface of the joined
sheets around the rivet hole [8, 21, 26, 27, 29], as shown in Fig.
17 for three-row lap joints of two 1.6 mm thick AA2024-T3
sheets with MS20470AD5-6 rivets at a cyclic stress amplitude
(S,) of 54 MPa and a stress ratio (R) of 0.1. Thus, it is crucial to
investigate the residual hoop stresses (on) at this location.
Figure 18 shows the distributions of residual oy stresses on the
faying surface of the sheets (on the sheet side next to the
manufactured head and next to the driven head) obtained from

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

FE analyses for the analysed rivet materials and D/d ratios in
the range of 1.25+1.6. Regardless of the rivet material, in both
sheets of the joint small D/d ratios (1.25+1.3) generate almost
entirely positive oy stresses (small 4e, see Fig. 8), which reach
the highest values of 23+66 MPa (AD rivets) and 75+137 MPa
(M rivets) at the edge of the rivet hole. An increase in the Fiq
force changes the nature of these stresses and, starting from the
ratio D/d=1.4, the positive oy stresses are progressively moved
away from the rivet hole and, at the same time, increasingly
higher favourable compressive stresses are generated around it.
Should be pointed out that not only the value, but also the range
of negative oy stresses increases with the increase in the D/d

a) N;=75 852 cycles | b) N;=216 238 cycles

fa‘ying surface faying surface

5

crack initiation site

crack initiation site
Fig. 17. Influence of the F, force on the fatigue life (V) and the crack

initiation site for three-row lap joints of two 1.6 mm thick AA2024-T3
sheets with MS20470ADS5-6 rivets: (a) D/d=1.3; (b) D/d=1.5.
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Fig. 18. Effect of the F;, force on residual gy stress distribution on the faying surface: (a) AD rivets — manufactured head side; (b) M rivets — manufactured
head side; (c) AD rivets — driven head side; (d) M rivets — driven head side.

ratio. This explains the observed in fatigue tests the effect of the
Fy, force on the fatigue life and the fatigue crack initiation site
in riveted lap joints, where at low Fyq forces (D/d=1.3), cracks
develop from the edge of the rivet hole (Fig. 17a), whereas at
higher Fq forces (D/d=1.5), cracks initiate at a certain distance
from the rivet hole (Fig. 17b). Comparing the results of both
rivet materials, it can be seen that for a given D/d ratio, rivets
made of Monel 400 induce significantly greater as to value and
range the oy stresses in both joint sheets, than rivets made of
AA2117-T4. This is particularly visible at high Fy, forces
where, for example, for the ratio D/d=1.6 the greatest negative
oy stresses on driven head side for M rivets reach values approx.
30% higher than for AD rivets (-301 MPa vs. -392 MPa), while
on the manufactured head side this difference increases to
approx. 170% (-130 MPa vs. -348 MPa).

6.3. Residual clamping stress and clamping force

Once the riveting process is finished, in addition to the hole
expansion caused by the deformation of the rivet shank, there is
also the effect of pressing the sheets against each other by the
rivet heads with an axial force called the clamping force (Pct).
This force is non-uniformly distributed around the rivet hole on
a relatively small area of the faying surface of the sheets in the
form of residual clamping stresses (ocr). The Pcr force during
cyclic loading of riveted lap joints affects the percentage of
friction force (7fr) in total load transfer (77r) by individual rivet
rows [50, 69, 70], the fretting phenomenon occurring on the
faying surface [8, 26, 71], and, to some extent, the deflection of
the sheets caused by the secondary bending phenomenon [40,
41]. For this reason, it is justified to analyse the effect of the D/d
ratio and the rivet material on the value of the Pcr force and on
the distribution and range of the ocy. stress zone.

The distributions of the residual clamping stresses ocL on
the faying surface of the sheets obtained from FEA after
moving the riveting tools away for both the considered rivet
materials (AA2117-T4 and Monel 400) and three D/d ratios
(1.3, 1.5 and 1.6) are shown in Fig. 19, while the detailed values
distribution of these stress along the path running from the edge
of the rivet hole along the Z axis is presented in Fig. 20. FE
analyses indicate that, regardless of the applied Fq force and
rivet material, the highest values of compressive oci stresses are
generated at the edge of the rivet hole, and their value rapidly
decreases with the distance from the rivet hole. Moreover, with
increasing of the D/d ratio, a systematic increase in the value
and range of the residual clamping stress zone is observed.
Comparing the effect of the rivet materials, it is clearly visible
that at the same D/d ratio, the ocL stresses in joints with harder
rivets (Monel 400) reach several times higher absolute values
compared to joints with softer rivets (AA2117-T4). It should be
noted that the higher value and the larger annular ocp stress
zone, which occurs at higher D/d ratios and/or M rivets, will
cause greater stiffening of the joined sheets under the rivet
heads, which to some extent changes the deflection of the lap
joint during its loading. This effect may also affect how far the
crack path is moved away from the rivet hole [8]. Furthermore,
taking into account the location of positive ac. stresses (see Fig.
18), a large range of the clamping zone will also contribute to
the nucleation of cracks at a distance from the rivet hole.

The relationship between the clamping force (Pcr) and the
Did ratio, the F'q force and the type of rivet material, determined
from the FE analyses, is shown in Fig. 21. The Pc. force was
determined after removing the riveting tools as the reaction
force in the direction of the rivet axis (Y direction) occurring on
the contact surface with dimensions of 20 mm x 20 mm (see
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Fig. 19. Distributions of residual clamping stress (ocr) on the faying surface for: (a) AD rivets and D/d=1.3; (b) AD rivets and D/d=1.5; (c) AD rivets and
D/d=1.6; (d) M rivets and D/d=1.3; (¢) M rivets and D/d=1.5; (f) M rivets and D/d=1.6.

Fig. 20. Effect of the F, force and rivet material (2117-T4 and Monel 400)
on residual clamping stress (ocy) distribution on the faying surface.
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Fig. 9), i.e. per one rivet. As expected, regardless of the rivet
material, the Py force systematically increases with increasing
Dld ratio. At the same time, for the same D/d ratio, the PcL. force
reaches values significantly higher (3.6+15.9 times) for joints
connected with M rivets than for joints with AD rivets (Fig.
21a). By analysing the relationship between the Fy, force and
the Pc. force, it can be seen that the clamping force remaining
in the joint after the riveting process is significantly lower than
the Fq force (Fig. 21b). For considered joint thicknesses and
D/d ratios (1.3+1.6), the Pc. force is approximately
0.16%+3.85% and 2.75%+9.44% of the Fy force for rivets
made of A2117-T4 and Monel 400, respectively. Additionally,
Fig. 22 shows that after the riveting process (before joint
loading), the Pci. force value for both rivet materials is almost
the same in each rivet row, which means that its value does not
depend on the row of rivet from which it is determined.
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Fig. 21. P, force for 2024-T3 sheets connected with MS20470AD5-5 or
MS20615-5MS5 rivets as a function of: (a) D/d ratio; (b) F, force.
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Fig. 22. Comparison of the Pc force in three different rivet rows for joints
with MS20470ADS5-5 or MS20615-5M5 rivets.

The most important observation resulting from FEA is that
during joint loading, through the higher Pc force, the friction
force (7¥r) in joints with a higher D/d ratio will be higher than
in the case of joints with a small D/d ratio, which will also affect
the fretting phenomenon in these joints [8]. Similarly, for the
same D/d ratio, the contribution of the Tgr force to total load
transfer (71r) in joints with M rivets will be greater than in
joints with AD rivets. An increase in the contribution of the Tyr
force to the total Trr force transmitted by a given rivet suggests
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that the bearing pressure exerted by the rivet shank on the rivet
hole should be lower. However, a precise determination of the
contribution of Trr to load transfer requires further FE analyses
for the investigated riveted lap joints with different levels of
applied load, which will be the subject of further research.

7. CONCLUSIONS

The experimental and numerical results presented in this paper
lead to the following conclusions:

The performed static compression tests revealed that the
material of rivets made of nickel-copper alloy (Monel 400) is a
material with significantly higher mechanical properties
compared to the material of rivets made of aluminium alloy
(2117-T4). Monel 400 has both Young's modulus (173 GPa)
and yield strength (438 MPa) twice as high as AA2117-T4
(Young's modulus 70 GPa and yield strength 221 MPa).

The experimental investigation showed that within a very
wide range of rivet squeezing degrees (D/d=1.25+1.6),
MS20615-5M5 (Monel 400) rivets require 42% to 55% higher
squeeze forces to obtain the same diameter and height of the
driven rivet head than MS20470AD5-5 (AA2117-T4) rivets,
despite the same initial rivet diameter and length.

The measurements indicated that the rivet hole expansion is
significantly larger in the sheet on the driven head side than on
the manufactured head side, and at the same time the hole
expansion increases with the squeeze force level. For the
considered D/d ratios (1.3, 1.5 and 1.6) the hole expansion for
rivets made of Monel 400 at a given D/d ratio is significantly
larger (at least twice) than for rivets made of AA2117-T4. This
is because the sheet material (AA2024-T3) exhibits less
resistance during the expansion of the rivet shank made of a
harder alloy (Monel 400) than of a softer alloy (AA2117-T4).

The results from the FE models showed that regardless of
the rivet material and the D/d ratio, the residual radial stresses
are negative (compressive) and non-uniformly distributed in the
joint thickness direction, and agree qualitatively with the hole
expansion distribution. With the same driven rivet head
dimensions, radial stresses in joints with rivets made of Monel
400 are higher (18%+43%) than in joints with rivets made of
AA2117-T4. This is due to the higher mechanical properties of
MS20615-5M5 rivets than MS20470ADS5-5 rivets.

The FE analyses indicated that for both considered rivet
materials the distribution and nature of residual hoop stresses
strongly depend on the D/d degree. For less squeezed rivets
(D/d=1.25+1.3), positive (tensile) stresses most often occur in
the vicinity of the rivet hole, while for more severely squeezed
rivets (D/d=1.4 and above), positive stresses are shifted to a
certain distance from the rivet hole and negative (compressive)
stresses appear in its close vicinity. The same D/d ratio causes
significantly greater compressive hoop stresses in joints with
rivets made of Monel 400, both in value and range, than those
observed in joints with rivets made of AA2117-T4. This
suggests that the MS20615-5MS rivets result in a larger plastic
deformation zone of the sheets around the rivet hole compared
to the MS20470ADS5-5 rivets. The compressive hoop stresses
around the rivet hole partially explain the increased fatigue life
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and the changed crack initiation location in riveted joints with
higher squeeze force.

Regardless of the rivet material, the highest clamping
stresses occur at the rivet hole edge and decrease rapidly with
distance from this location. Simultaneously, the value and range
of these stresses significantly increase with the squeeze force
level. Considering the same driven rivet head dimensions, the
clamping stress values observed in joints with rivets made of
Monel 400 are several times higher than in joints with rivets
made of AA2117-T4. A higher value and a larger annular
clamping stress zone cause greater stiffening of the joined
sheets beneath the rivet heads, which will affect the secondary
bending phenomenon and the crack path location.

FE analyses revealed that the clamping force value
systematically increases with increasing squeeze force. For the
considered D/d ratios (1.3+1.6) it constitutes 0.16%+3.85% and
2.75%+9.44% of the total squeeze force for the AA2117-T4
and Monel 400 rivets, respectively. Moreover, for the same D/d
ratio, the clamping force reaches values 3.6+15.9 times higher
in joints with rivets made of Monel 400 than in joints with rivets
made of AA2117-T4. This indicates that due to the higher
clamping force at the same D/d ratio, the contribution of friction
force in the total force transmitted by a given row of rivets in
joints with MS20615-5M5 rivets will be higher than in joints
with MS20470AD5-5 rivets, which will also affect the fretting
phenomenon in these joints during their cyclic loading.
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