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Introduction

A. CHRYSANTHOU, University of Hertfordshire, UK

DOI: 10.1533/9780857098849.1

Abstract: The application of self-piercing riveting in the automotive sector
came to prominence in the 1990s when it became one of the joining techniques
for aluminium vehicle bodies. This introductory chapter describes the
self-piercing riveting process and discusses some of its advantages and
applications in automotive vehicles.

Key words: self-piercing riveting (SPR), automotive industry, aluminium
alloys.

11 Introduction

The use of lightweight materials has always been of interest to the automotive
industry. Over the last four decades, there has been an increasing drive to produce
lightweight motorcars in order to reduce fuel consumption and vehicle emissions.
Events such as the oil crisis of the 1970s and the increase of greenhouse gases in
the Earth’s atmosphere have been catalytic factors to the need for lighter
automotive materials. The high cost of crude oil that has at times exceeded $125
a barrel in recent years is likely to increase even further the interest in the use of
lightweight materials.

The response of the automotive industry has been to introduce new materials
for body-in-white applications, including aluminium, polymers and composites.
Much of the weight-saving focus has centred on the vehicle body as this accounts
for about 30% of the total vehicle weight. In addition to this, the industry has also
introduced new steels of higher strength and thinner gauge in order to replace the
traditional mild steel in body applications. The introduction of such alternative
materials is not simple as the traditional manufacturing processes may not be
applicable to them. Thus the introduction of new materials such as aluminium has
presented new challenges to the automotive industry in terms of manufacturing,
structural properties and performance. While the reliability of resistance spot-
welding as a joining method for mild steel vehicle bodies has been unquestionable,
the process is not readily applicable to aluminium joints. The reasons for this
include:

1. The low melting point of aluminium.
2. The high thermal conductivity of aluminium.
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3. The high electrical conductivity of aluminium makes the electrical current
requirement high.

4. Being a reactive metal, aluminium reacts and contaminates the copper spot-
welding tip, reducing its life.

5. The aluminium oxide layer at the metal surface makes the spot-weld weak and
with a low fatigue resistance.

The answer to this manufacturing challenge from the automotive industry was the
development of a combination of adhesive bonding and self-piercing riveting.
The adhesive, with its load-spreading nature, is the primary joining agent. The
self-piercing rivets keep the assembly in position, while the adhesive cures and
also act as back-up to prevent catastrophic failure in the event of debonding during
performance. The self-piercing riveting technique was developed about half a
century ago' and was used by the appliance and packaging industry. Self-piercing
riveting rose to prominence in the early 1990s when it was adopted by Audi to join
structural panels in the all-aluminium Audi A8. This precipitated significant
advances in self-piercing riveting technology, including the progression from
hydraulically- to electrically-powered equipment and to the development of
process monitoring. The HENROB Corporation of Novi, Michigan, has been
active in developing self-piercing riveting technology in the USA, UK, Germany
and Australia. The company worked in collaboration with Audi in Germany in
order to implement this technology in the all-aluminium Audi A8, which was
introduced in 1993. Further automotive programmes followed where self-piercing
riveting was used in vehicles including the Plymouth Prowler, the BMW 5 series,
the Freightliner truck cabs and the Jaguar XJ. In addition to HENROB, several
other SPR companies, including Ariel, Bollhoff and Eckhardt, have been involved
in automotive applications. A significant progression has been the application of
the technique to both space-frame (Audi, Lotus) and monocoque designs (Jaguar).
In addition to vehicle body applications, the technique is also used by the
automotive industry to join exhaust heat shields, spare wheel supports and battery
mountings’. The increasing use of the process has led to the need for its further
development and has thus attracted interest as an important research topic. The
aim of this book is to provide the reader with information on the self-piercing
riveting process, the application, behaviour and simulation of the behaviour of
self-piercing rivets and on their cost.

1.2  Self-piercing riveting (SPR)

Self-piercing riveting is a cold forming technique that is used to fasten together
two or more sheets of materials mechanically with a rivet. As the name of the
process suggests, the rivet pierces the top sheet. Joining is achieved by means of
the rivet locking into the bottom sheet. The process is schematically illustrated in
Fig. 1.1. The technique is divided into the following distinct stages:
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1.1 The self-piercing riveting process.

The sheets to be joined are clamped together between a blank-holder and an
upset die.

A semi-tubular rivet is driven under a punch through a feeding system. The
punch is driven down using either a hydraulic or electrical system, forcing the
rivet down into the material stack.

The piercing stage. The rivet shank acts as a shearing punch that pierces into
the entire thickness of the top sheet. The lower sheet is pierced only partially
until the rivet reacts against the influence of the die.

The flaring stage. At this point the rivet flares into the die and forms a
mechanical interlock. The applied force causes the lower sheet to undergo
plastic deformation and to flow into the die cavity. As a result the lower sheet
conforms to the shape of the cavity to form a buttonhole at the bottom.

The releasing of the joined sheets.

The process uses relatively large setting forces typically of the order of about
40 MPa. Ideally, the rivet tail should not break through the bottom sheet. SPR
joints where the rivet breaks through may have sufficient strength; indeed, this
can even exceed the strength of a joint without breakthrough. However, joints
with breakthrough are normally unacceptable as the crack in the lower sheet can:
(i) compromise fatigue resistance and/or (ii) trap water or moisture and lead to
corrosion. The process does not require pre-drilled holes as it is designed to pierce
and lock into the materials stack in one single operation. A typical self-piercing
riveting machine consists of a C-frame that accommodates the rivet setting
mechanism as well as the upset die as shown in Fig. 1.2.

1.2 A self-piercing riveting C-frame.
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1.3 Advantages and possible disadvantages

of the SPR process

1.3.1 Advantages

Self-piercing riveting has emerged as a joining method for new automotive
materials for several reasons, including:

1.
2.
3.

93]

10.

I1.

12.

13.

14.
15.
16.

Its ability to join together unweldable or difficult to weld materials.

It can join together dissimilar materials.

Unlike conventional riveting, it does not need pre-drilled holes and exact
hole alignment.

It causes little or no damage to protective coatings.

It produces joints of high strength and of good fatigue resistance.

Process monitoring methods are available that can be used as a means of
assessing the process quality.

The process is simple and can be fully automated. To this end the self-piercing
riveting system can be robot-mounted to operate in a flow-line.

The cycle time required to make a joint is short (can range from 1 to
4 seconds) and comparable to spot-welding.

Unlike spot-welding, the time taken to make a joint does not increase
significantly for thicker materials and thicker stacks.

The processing tools have a long life (generally in excess of about 200 000
applications).

Self-piercing riveting machines are available in a variety of forms: portable,
robot-mounted and multi-head machines.

Low energy requirement. Self-piercing riveting has gained acceptance as a
‘clean’ process and compares favourably with more conventional joining
techniques in terms of energy requirements.

No fume emissions are given off during production, making the process
environmentally as well as user friendly.

There is no materials waste.

The process produces very little noise.

The processing costs are lower compared with spot-welding.

1.3.2 Possible disadvantages

There are a number of possible disadvantages associated with the process. These
are summarised below:

1.

The process requires higher investment costs compared with spot-welding
(equipment and tooling costs are higher).

The process is only applicable to deformable materials (it cannot be used for
brittle materials).
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3. The process is double-sided; therefore access to both sides of the stack to be
joined is required.

4. The process is not flush as it produces a bulge in the form of a buttonhole (tail-
side with about 2-3 mm protrusion) and a rivet head area and these may
sometimes not be aesthetically acceptable.

5. There are concerns about potential corrosion problems as a result of self-
piercing riveting. These concerns are due to: (i) the potential use of dissimilar
materials (for example, high-strength steel alloys are used to join aluminium
alloys and this may be a cause of galvanic corrosion); (ii) the joint overlap and
the gap between the rivet and the pierced sheet can potentially suffer from
differential aeration corrosion (also referred to as crevice corrosion) and (iii)
surface irregularities may also lead to differential aeration corrosion. It is
therefore important to design against the accumulation of water and moisture
to avoid such corrosion problems.

6. Repair of damaged joints with SPR can be impossible as the component may
not be accessible from both sides; instead conventional riveting may be used
for repairs in such situations.

1.4  Application of SPR in automotive
body applications

The drive to reduce vehicle weight and to improve performance has led to the
introduction of aluminium alloys for automotive body applications. The low-
and medium-volume automotive manufacturers, in particular, have introduced
aluminium alloys. While offering great potential, aluminium also introduces a
great challenge in meeting the stiffness and noise, vibration and harshness
requirements and in using cost-effective manufacturing processes. The self-
piercing riveting process was originally developed for applications in the
construction and white goods sectors. In the early 1990s, Audi developed the
all-aluminium A8 structure. The Audi 8 vehicle body was originally designed
to be joined using resistance spot-welding’, but this was observed to be
inadequate. In addition to the problems highlighted earlier in this chapter,
resistance spot-welding could not satisfy some of the principal requirements
including fatigue resistance and crashworthiness. As a consequence, fastening
methods such as self-piercing riveting were considered. However, the process
had a number of shortcomings, including breakthrough of the rivet tail, distortion
of riveted parts and unacceptable gaps in joint seams. In order to solve these
problems improvements had to be introduced to the process in the form of new
rivet designs and a high-force pre-clamping rivet setter, which have since become
standard.

When high-strength steels of a thinner gauge length were introduced to the
Volvo FH12 truck cabs in order to reduce their weight, the anticipated increase in
the fatigue life of resistance spot-welded joints (in line with the increased strength
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of the material) did not materialise. In fact, high-strength steels are more
difficult to spot-weld than mild steel because of their higher carbon content,
which can lead to embrittlement of the joint. An investigation into the possible
use of self-piercing riveting led to a significant increase in the fatigue life
of the cab structure. As a result, 42 self-piercing rivet joints were introduced to
each cab. According to a TWI study”, for the daily production rate of 150 cabs,
the equipment costs for self-piercing riveting were $43 000 higher than for
spot-welding. However, self-piercing riveting achieved production cost savings
of $244 000.

Perhaps the most publicised application of self-piercing riveting was in the
Jaguar XJ in 2004. The body of the Jaguar XJ was based on a monocoque design
and consisted primarily of stampings from aluminium alloys 5754 and 6111. In
addition, it included aluminium castings and extrusions as well as high-strength
low-alloy steel (HSLA) components. This necessitated the use of about 250
different joint combinations, including 16 different types of rivets. In terms of
thickness, the joint combinations ranged from about 1.8mm to 9mm. This
demonstrates the versatility of the riveting technique. The XJ vehicle structure
used a total of about 3180 self-piercing rivets, together with advanced adhesives.
The self-piercing rivets were applied using 148 automated robotic servo-electric
riveting tools. About 30% of the rivets were applied through the use of 55 manual
rivet setting systems. The total weight of the rivets in each car amounted to
about 4.5kg.

1.5 Future trends

The automotive industry has been using self-piercing rivets since the early 1990s.
The technique itself has been the subject of several studies within industry,
academia and research organisations, while about 130 papers have been published
in the open literature. In spite of the interest in the subject and the great amount of
test work that has been undertaken, there is still no agreed international test
standard for evaluating the static and dynamic behaviour of SPR joints. The most
commonly used test configuration has been the single overlap joint because of its
simplicity. This joint configuration suffers from substrate bending due to load
path eccentricity, which is inherent in this type of joint. As yet there is no
standardised specimen configuration, size and test methodology for testing SPR
joints. Different researchers have used different specimen sizes in order to test the
behaviour of SPR joints and this makes the comparison of data impossible. It
appeared at one time that similar test standards to those that are being used for
adhesively-bonded joints would be adopted, but this has not yet taken place.
Research studies that have taken place over the last decade have started to forge
our understanding of the static and dynamic behaviour of SPR joints. This
behaviour is dependent on several factors, among which are the size and geometry
of the sample and the rivet, the properties of the materials to be joined and the
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rivet, as well as the processing parameters. The wider use of SPR joints will
demand the ability of designers to predict their static and dynamic behaviour. The
prediction of this behaviour is difficult as it not only depends on the geometric
characteristics of the joint, but also on the processing parameters, the sheet
material deformation characteristics, the material’s plasticity, the resulting
residual stresses, etc. The accuracy of the numerical simulation of the behaviour
of self-piercing riveted joints has therefore been one of the major challenges over
the last decade. Owing to the complexity of the process, it is likely that this will
remain so in the foreseeable future. In addition, in order to increase the reliability
of self-piercing joints, it is also important to develop easily applicable non-
destructive testing techniques that can accurately detect damage and defects
during operation of the joints. It is thought that ultrasonic testing’ may be a
suitable technique to do this, but it will require additional understanding of the
variety of defects and the behaviour of complex geometries.

Future research and development is also likely to address the speed of joining,
which is dependent on several factors including the materials to be joined, their
geometry and the rivet pitch length. It is generally accepted that the current joining
speed is roughly about 1 m/min, which is comparable to welding processes.
However, this is relatively slow in comparison with the application of adhesives
and it is likely that the industry will want to develop a speedier self-piercing
riveting process.
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Abstract: Experimental results on static strength evaluations of various SPR
populations are presented to compare and contrast the static strength and failure
modes of SPR joints joining aluminum alloys and SPR joints joining aluminum
and steel, including the test methodologies implemented. The purpose of this
chapter is to quantify the static strength levels of these SPR joints under
different loading conditions and to provide quantitative measures on the joint
strength.

Key words: self-piercing riveting (SPR), SPR of dissimilar metals, SPR joint
strength characterization, static failure modes of SPR joints, SPR, and adhesive
joining.

2.1 Introduction

Over the years, new and existing joining technologies have been introduced to
automotive manufacturers to achieve weight reduction goals. Among these, SPR
is recognized as a possible and effective solution for joining body panels and
structures, particularly for aluminum parts and dissimilar metals parts. SPR is
essentially a cold forming operation, in which a semi-tubular rivet is pressed by a
punch into two sheets of material that are supported on a small die. The rivet
pierces through the upper sheet and flares into the bottom sheet, thus forming a
mechanical interlock between the two sheets. It is important for the automotive
design engineers to understand the mechanical behavior of different SPR joints
and, furthermore, to incorporate these joint properties in the early design stage
using computer aided engineering and design tools.

Although more and more SPR are being used in vehicle assemblies, very
limited performance data on SPR have been reported in the open literature. This
is particularly true for SPR of dissimilar metals combinations. For example, our
literature search on the topic of SPR fatigue yielded only a handful of publications,
and the majority of them focused on joints made between aluminum sheets of
the same gages. Moreover, almost all of these studies used only one coupon
configuration, i.e., lap shear or coach peel. For example, Fu and Mallick' examined
the fatigue behavior of SPR in 6111-T4 aluminum sheets and studied the effects
of different rivet setting pressures on the static and fatigue strength of lap shear
samples. Cumulative fatigue tests were also performed and it was found that

"
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Miner’s linear damage accumulation law does not apply for SPR fatigue under
various amplitude loadings. The loading path with higher load level followed by
lower load level appears to improve the fatigue life at the lower load level.
However, the loading path in which the lower load level is applied first does not
cause a similar effect at the higher load level. Booth et al.” studied the static and
fatigue strength of SPR and resistance spot-welded (RSW) joints in steel and
aluminum. They observed that the SPR fatigue strength was 100% greater than
the RSW fatigue strength for lap shear samples.

Since the actual rivet joints in a vehicle can be of multi-material stack up and
experience combined and complex loading conditions, any SPR strength
characterization must also consider different material combinations and loading
conditions. In this chapter, we present experimental results on static strength
evaluations of various SPR populations to compare and contrast the static
strength and failure modes of SPR joints joining aluminum alloys and SPR joints
joining aluminum and steel. The purpose of this chapter is to quantify the static
strength levels of these dissimilar SPR joints under different loading conditions
and to provide the automotive design engineers with some quantitative measures
on the joint strength.

The influence of different material gages, piercing direction and the use of
structural adhesives on the static behavior of SPR samples is also investigated.
From this perspective, the results presented in this chapter also provide
manufacturing engineers with the effects of different manufacturing and
processing parameters on the static strength of various SPR joints.

2.2 Test types and their relevance

Uniaxial tension tests are performed to characterize the static joint strength and
energy absorption levels of SPR joined materials of both similar and dissimilar
combinations. This allows a quick assessment of the joint performance behavior
before efforts are spent towards more time intensive evaluations, such as fatigue
tests. Lap shear, cross tension and coach peel specimen designs are common
specimen configurations used to test the joints in one-directional loading
conditions. The SPR sample size used by researchers has tended to vary from one
study to another because there are still no agreed test standards for SPR. For the
work that is reported in this chapter, lap shear specimens consist of two substrate
materials that are typically 105mm in length and 50 mm in width with a 35mm
overlap of the materials of interest. Although the width of the lap shear specimen
may be varied, 50 mm widths have been found to show little degradation of joint
strength as the specimen width is reduced” . Cross tension specimens are also
105mm in length and 50mm in width, where the two materials are joined
perpendicular to each other crossing in the center of each material. Coach peel
specimens are 105mm in length and 25.4mm in width, where the material
substrates are bent into an L-shape with a given radius and then joined mirrored
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to each other with a minimum overlap of 25.4 mm. For all specimen designs, care
is taken in assuring that the rivet is placed at the center of the specimen width.
Figures 2.1-2.3 illustrate the coupon design assemblies and each respective
assembly in a test fixture.

Typical test parameters for the quasi-static tests of each assembly design
include using a closed-looped servo-controlled hydraulic test frame at a rate of
10mm min' for lap shear loading conditions and 25mm min™' for both cross
tension and peel loading conditions. A digital data acquisition system should be
used to track the load and axial displacement. A minimum of ten specimens are
recommended for each assembly design in order to characterize more confidently

(a) 105.0

&

50.0

[-—RD —|

17.5

«~— 35.0 —

(b)

2.1 The lap shear coupon assembly drawing (a), and test fixture
(b), used to conduct static tests. All dimensions are in millimeters.
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2.2 The cross tension coupon assembly drawing (a), and test fixture
(b), used to conduct static tests. All dimensions are in millimeters.
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2.3 The coach peel coupon assembly drawing (a), and test fixture
(b), used to conduct static tests. All dimensions are in millimeters.

the average peak load results observed. In addition, shims are recommended in the
gripped regions of the lap shear assemblies in the test fixture to balance thickness
differences. This will minimize coupon bending and ensure alignment of the load
path in the joint area.
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In this chapter, all joint strength characterization results presented followed
these specimen designs and test parameters. To have a better understanding
of SPR joint strengths of varying material combinations, Fig. 2.4 shows the
lap shear and cross tension test results of single joint SPR assemblies of 3 mm
thick AA6005-TS wrought flat stock extrusion, AA5S052-H32 wrought sheet, and
A356-T6 cast flat stock in various combinations as described in Table 2.1. These
particular materials are used in heavy vehicle applications.

These joint assemblies (joint ID 1 through ID 5) were fabricated with a
countersunk rivet 9mm in length and a rivet shank diameter of 5 mm. Similar pre-
clamping pressures (120bar) and setting pressures (210-235bar) were used.
Greater strengths were observed in the cast to wrought and wrought to cast alloy
combinations in comparison with the wrought alloy combinations under lap shear
loading. However, in cross tension, the wrought alloy joint combinations exhibited
greater strengths in comparison with the cast to wrought and wrought to cast alloy
joint populations. Representative load—displacement graphs illustrating this
observation are shown in Fig. 2.5. Joint ID 3 (A356-T6/6005-T5) and ID 5
(6005-T5/6005-T5) lap shear and cross tension results are shown.

Figure 2.6 illustrates the different strengths observed for dissimilar metal
combinations used in automotive applications (joint ID 7 through ID 13). Varying
steel alloys such as galvannealed, Dual Phase (DP) 600 steel, SAE 1008 steel, and
high strength low alloy (HSLA) 350 steel were joined to aluminum alloy 5182-0O.
These SPR specimen assemblies were fabricated using countersunk rivets with a

11D 1: A356-T6/5052-H32

127 [ ID 2: 5052-H32 / 5052-H32
] I ID 3: A356-T6/6005-T5
10] I ID 4: 6005-T5/ A356-T6
] M ID 5: 6005-T5/ 6005-T5
gl
z ]
X 64—
ho] 4
@ J
[e]
| 4
41
51 |
o]

Lap shear Cross tension

2.4 An illustration of the average static strength results for varying
heavy vehicle aluminum cast and wrought alloy SPR joint
combinations under lap shear and cross tension loading.
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12

-o- |ID 3: A356-T6/6005-T5
- ID 5: 6005-T5/6005-T5

Lap shear

Load (kN)
(o]

Cross tension

.

4 6 8 10 12 14

Displacement (mm)

2.5 Uniaxial test results for aluminum cast to wrought (ID 3) and
wrought alloy (ID 5) SPR joints.

10

Load (kN)
)]

+ D 7: 5182-0/5182-0

41D 9: 1008/5182-O
o ID 11: HSLA 350/5182-O

o ID 13: DP600/5182-O

HD-—

Lap shear Cross tension Coach peel

2.6 An illustration of the static strength results for various dissimilar
material SPR joint combinations where the bottom material of the
joint is 5182-0 aluminum.
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5mm rivet shank diameter. The rivet lengths and joining parameters are listed in
Table 2.1. The results shown in Fig. 2.6 illustrate the importance of testing the
different design configurations because trends observed under one loading
condition, such as shear, may not be observed under other loading conditions. For
example, SPR joint ID 13 exhibited greater shear strengths in comparison with the
other dissimilar metal SPR joint populations. However, under cross tension
loading, these same joint assemblies exhibited lower strengths and under coach
peel exhibited comparable strengths in comparison with the other aluminum and
steel dissimilar joint populations.

2.3 Failure mechanisms

Varying failure modes of the SPR joint may be observed under static loading.
Since SPR is a cold-forming-piercing process with plastic deformation occurring
around the rivet head and tail, the strength of the joint is primarily determined by
the strength of the mechanical interlock between the rivet and the base substrate.
Hence, two primary failure modes are typically observed: rivet head pullout and
rivet tail pullout.

Rivet head pullout occurs when the rivet head is pulled out from the top material
substrate. Figure 2.7 is a representative image of SPR joint assemblies exhibiting
rivet head pullout. In this particular figure, coach peel assemblies of joint ID 12
(left assembly) and 12L (right assembly) consisting of 5182-O Al joined to DP
600 are shown. Rivet tail pullout occurs when the rivet tail is pulled out of the

2.7 Representative image of SPR joint assemblies exhibiting rivet
head pullout. Images shown are coach peel coupon assemblies after
testing.
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bottom material substrate. Figure 2.8 is a representative image of SPR joint
assemblies exhibiting rivet tail pullout. In this particular figure, lap shear
assemblies of joint ID 12 are shown as well.

Under the varying static loading conditions, sheet bending may also be
observed, particularly in thin material substrates on the rivet head side, leading to
either tearing or shearing of the top sheet material substrate. This allows the rivet
head to pull-through as shown in Fig. 2.9. In Fig. 2.9, lap shear assemblies

2.8 Representative image of SPR joint assemblies exhibiting rivet tail
pullout. Images shown are lap shear coupon assemblies after testing.

Sunday, February 02, 2014 3:06:13 AM

2.9 Representative images of SPR joint assemblies exhibiting sheet
tearing (outer specimens) allowing rivet head pull-through and sheet
shearing (center specimen). Images shown are lap shear coupon
assemblies after testing.
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of 5182-0 joined to 5182-O (right and center assembly) and 1008 steel joined to
5182-0O (left assembly) are shown. In the right and center assembly, the 5182-O
top material substrate is 2mm and 1 mm thick, respectively. In the left assembly,
the 1008 steel top substrate is 1.4mm thick. Sheet shearing is observed in the
thinner aluminum material substrate.

In addition to the varying SPR failure modes observed, one must be mindful of
any potential damage that may occur during the riveting process itself that may
influence the integrity of the joint. Rivet shank damage or failure may potentially
occur when piercing through a thick and strong material substrate such as DP 600.
Tailside damage or cracking may also occur when piercing through materials with
low ductility at room temperature such as castings or magnesium. Figure 2.10

(@)

(b)

2.10 Representative images of a wrought to cast aluminum SPR joint
assembly (ID 4) where cracking is observed on the tailside (a) after
riveting and subsequent failure of the casting during cross tension
loading (b).
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shows the tailside of a wrought to cast aluminum SPR joint assembly where
cracking is observed after riveting that led to subsequent failure of the casting
under cross tension loading.

2.4 Rivet strength optimization

When creating SPR joints, there are factors that may affect the joint strength, such
as the rivet length and the riveting piercing direction. Hence, evaluating these
factors may aid in optimizing the joint strength for a particular material
combination. The following details observations made on the effects of these
different joining factors on the strength of the self-piercing rivet joint. The failure
modes observed are also noted. Further analysis and understanding of the role of
the material substrates, substrate thickness, rivet material and geometry, and die
design on the joint strength through rivet optimization is discussed in Chapter 9,
along with its anticipated failure mode.

2.4 Effect of rivet length

Experiments were performed to investigate the effect of rivet length on the static
performance of SPR joints. The rivet length of a 5182-O/DP 600 SPR joint
assembly was increased from 6 mm to 6.5mm. Again, details of the substrate
assemblies and joining parameters are listed in Table 2.1. The same countersunk
rivet type and die design were used to join the two populations. Similar pre-
clamping and setting pressures were also used. An illustration of the SPR cross
section is shown in Fig. 2.11, where the longer rivet appears to clinch more
material.

Increases in strength and energy absorption were observed in all specimen
configurations with the longer rivet (Table 2.2), particularly under cross tension
loading. A significant increase in strength (approximately 40 percent) and
energy absorption (approximately 250 percent) was observed in the cross tension
coupons with the 6.5mm rivet length. Although the lap shear strengths were
comparable, the energy absorption level increased by 77 percent in the longer
riveted joints under lap shear loading. The longer rivet appears to contribute to
the performance of the joint. Representative load—displacement graphs are
illustrated in Fig. 2.12.

2.4.2 Effect of piercing direction

Typically, when riveting materials of different thicknesses and strengths, it is
preferable to pierce through the softer or thinner material into the thicker or harder
material. However, surprising results were observed when 5182-O and HSLA 350
SPR joint assemblies and 5182-O and DP 600 SPR assemblies were fabricated
to evaluate the effect of piercing direction on the static performance of joints. The
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(a)

(b)

23

2.11 Rivet cross sections for Joint ID 12 with a 6mm rivet (a), and
Joint ID 12L with a 6.5 mm rivet (b).

Table 2.2 Comparison of the average static strength results of 5182-0 joined to DP
600 where the rivet length was increased from 6.0mm (ID 12) to 6.5mm (ID 12L)

Lap shear Cross tension Coach peel
SPR Peak Energy Peak Energy Peak Energy
Joint ID load (N mm) load (N mm) load (N
(kN) (kN) (kN) mm)
12 6.15 14230 3.70 20331 1.83 22590
Std. dev.  0.13 1490 0.17 3120 0.10 1443
12L 6.37 25190 5.18 51841 2.04 25686
Std. dev.  0.23 1856 0.13 4400 0.08 1390
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¢ Rivet length = 6 mm

A Rivet length = 6.5 mm

Lap shear

Cross tension

Load (kN)

Coach peel

10 15 20
Displacement (mm)

o
o

2.12 Uniaxial test results for 5182-O/DP 600 SPR assemblies joined
with a 6.0mm rivet (ID 12) and a 6.5mm rivet (ID 12L).

same countersunk rivet, die design, and joining parameters were used to join the
dissimilar materials in each population (Table 2.1).

In the 5182 and HSLA 350 SPR joint specimens, an increase in strength and
energy absorption was observed when the rivet pierced through the HSLA 350
steel substrate into the softer 5182-O aluminum (ID 11). Although the lap shear
strengths of these two populations are comparable, as observed in Fig. 2.13,
the cross tension strength in the HSLA 350/5182 SPR assembly increased
approximately 70 percent and its coach peel strength increased approximately
58 percent in comparison with piercing through 5182 into the HSLA steel (ID 10).
In addition, Fig. 2.14 shows that the energy absorption significantly increased 2.3
to 3.6 times more depending on the loading condition when piercing through the
steel substrate into the aluminum substrate. Figure 2.15 shows the cross sections
of Joint ID 10 and 11. It is believed that a much better clinched tail end may be
attributing to the results observed.

The typical failure mode observed for Joint ID 10 was tail pullout for all static
specimen configurations tested. For Joint ID 11, static lap shear specimens had a
mixed failure mode of head pullout and sheet shearing, while cross tension
specimens exhibited tail pullout, and coach peel specimens exhibited head pullout.
Another example of the effects of piercing the direction on the static strength of
dissimilar metal joints is illustrated in Fig. 2.16. Here joint ID 12L (5182-O/DP
600) and joint ID 13 (DP 600/5182-0) are compared. Again, the same rivet and
die design was used to join the two dissimilar materials in each population.
Different strength characteristics were observed. When piercing through the
stronger DP 600 material into the softer 5182-O aluminum, greater strengths in
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2.13 Anillustration of the static peak load results for 5182-O/HSLA
350 (ID 10) and HSLA 350/5182-0 (ID 11) comparing piercing direction.
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2.14 Anillustration of the static tests energy absorption results for
5182-O/HSLA 350 (ID 10) and HSLA 350/5182-0 (ID 11) comparing
piercing direction.

comparison to the opposite piercing direction are observed in lap shear along with
greater displacement to failure. However, under cross tension and coach peel
loading, piercing through 5182-O into the DP 600 material (ID 12L) yielded
increased strengths and energy absorption levels. The typical failure mode
observed for joint ID 12L was head pullout for static lap shear and coach peel
specimens, and tail pullout for cross tension specimens. For joint ID 13, static lap
shear specimens had a mixed failure mode, and both static cross tension and coach
peel specimens exhibited tail pullout.
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(a)

2.15 Rivet cross sections of joint aluminum and steel assemblies
where (a) the rivet is pierced through 5182-0 into HSLA 350 (ID 10),
and (b) through HSLA 350 into 5182-0 (ID 11).

A ID 12L: 5182-O/DP 600
Lap shear © ID 13: DP 600/5182-O

Cross tension

A

A
A
A

Coach peel

0 5 10 15 20
Displacement (mm)

2.16 Uniaxial test results for 5182-O/DP 600 (ID 12L) and DP 600/5182-0
(ID 13) SPR joint assemblies comparing the piercing direction.
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2.5 Self-piercing riveting (SPR) and structural
adhesive joining

Structural bonding is another type of joining technology that is being implemented
into vehicle construction with the advent of multi-material vehicles to achieve
lightweighting goals. Adhesive bonding may significantly improve the structural
stiffness and crash resistance of joined materials by homogenizing the stress
distributions throughout the adhesive layer’. It increases the load-carrying capacity
of the joint and reduces stress concentrations. Not only may it be used alone in
vehicle structures, but it may also be used as an extension of existing joining
technologies. Hence, the effect of a structural adhesive on the performance of
self-piercing rivet dissimilar joint populations was investigated.

Dow Betamate 4601 adhesive is a crash durable structural adhesive. It is a one
component epoxy adhesive intended for bonding of aluminum body structures.
Although not optimized for steel structures, this adhesive was applied to the
overlap sections of varying SPR joint combinations of dissimilar steel and
aluminum substrates (ID 10, 11, 12L and 13) prior to riveting. The completed
bond-riveted specimens were then cured at 180°C for 30 minutes, which is
consistent with an automotive e-coat oven stage during vehicle assembly.
Figure 2.17 illustrates the room temperature static strength results for joint ID 121
with and without the structural adhesive in the varying coupon assemblies. A
significant increase in joint strength and displacement to failure was observed
in lap shear bond-riveted specimens. The average shear strength increased from

25
4 No adhesive
-0~ w/Betamate 4601 adhesive
20 ")
‘7 Lap shear
= 15
<
©
3
= 10+ /
Cross tension
54 ——

Coach peel

\
)

0 5 10 15 20
Displacement (mm)

2.17 Uniaxial test results for joint ID 12L (5182-O/DP 600) with and
without adhesive in the SPR coupon assemblies.
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6.37 to 20.45kN and the average energy absorption level increased from 257 to
approximately 115J] with the addition of the Betamate adhesive in the SPR
joint. Although the peak joint strength did not increase substantially under cross
tension loading in the bond-riveted joint, enhancements were observed in energy
absorption. The average energy absorption level increased from 52J to 60J
with the addition of the structural adhesive. The enhancements in strength and
absorption energy are evident in the two, uncoupled peak loads observed in the
load—displacement graphs in both lap shear and cross tension loading. Once the
adhesive failed, the bond-riveted joint then performed similarly to an SPR joint
only. These two, uncoupled peak loads were also observed in the other bond-
riveted dissimilar material combinations investigated, as shown in Fig. 2.18. In
addition, Fig. 2.17 shows that the use of the Betamate 4601 adhesive with the SPR
joint in coach peel appeared to have minimal effect. This was also observed in
other bond-riveted populations.

The static failure modes for joint ID 12L with and without adhesive also varied
under the different loading conditions. Under lap shear loading, rivet head pullout
was observed in joint ID 12L specimens without adhesive. However, with the
use of the structural adhesive in the joint, rivet tail pullout was observed in the
bond-riveted lap shear specimens. Under cross tension loading, tail pullout was
observed in joint ID 12L specimens without adhesive. However, head pullout was
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2.18 Lap shear results for joint ID 10, 11, 12L, and 13 with Betamate
4601 adhesive in the SPR coupon assemblies where two peak loads
are observed.

© Woodhead Publishing Limited, 2014



Sunday, February 02, 2014 3:06:13 AM

Mechanical strength of self-piercing riveting (SPR) 29

observed in the bond-riveted cross tension specimens. No failure mode differences
were observed among the joint ID 12L coach peel specimens, regardless of the
use of the structural adhesive. Head pullout was observed in all joint ID 12L
specimens under coach peel loading.

Fatigue evaluations were also performed on the bond-riveted joint assemblies
and their SPR only equivalent. An MTS servo-hydraulic machine was used to test
the specimens in load controlled tension-tension with a load ratio of R=0.1 and a
test frequency of 20 Hz. The fatigue test results showed that the application of a
structural adhesive to the SPR joint significantly enhanced the joint durability of
the bond-riveted assemblies, in particular for lap shear joints. For the three loading
conditions evaluated, lap shear samples with adhesive had the greatest fatigue
strength, as shown in Fig. 2.19. Under lap shear loading, the fatigue strength
of joint ID 12L with adhesive significantly increased more than 200 percent at
10 million cycles in comparison with the same lap shear joints with no adhesive.
A notable increase in fatigue strength under cross tension loading was observed as
well. No enhancement in fatigue strength was observed under coach peel loading
with the addition of the structural adhesive in the joint.

These observations in strength and durability enhancements continued as the
effects of different structural adhesives were investigated to evaluate the different
adhesion levels of different adhesive systems on dissimilar metal joints. In
addition to the Dow Betamate 4601 adhesive, structural adhesive Dow Betamate
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2.19 Fatigue test results for dissimilar metal joint ID 12L (5182-O/DP
600) coupon assemblies with and without Betamate 4601 structural
adhesive.
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1480 was also applied to the overlap section of joint ID 13 (DP 600/5182-O) prior
to riveting. The same curing temperature and duration were employed as the
bond-riveted assemblies with 4601 adhesive. Dow Betamate 1480 is also a crash
durable adhesive and a one component epoxy that is used in both vehicle structures
and hem flanges for closures. Unlike Betamate 4601 adhesive, 1480 is optimized
for steel or coated steel surfaces in addition to aluminum substrates in vehicle
construction.

Figures 2.20 and 2.21 compare the static performance of joint ID 13 with both
structural adhesives for lap shear and cross tension specimen designs, respectively.
At room temperature, the two different adhesives yielded similar strengths (first
peak on load—displacement graphs) under the varying loading conditions. As in
previous observations, a significant increase in joint strength was observed in the
lap shear bond-riveted specimens, regardless of adhesive system. Under lap shear
loading, the average shear strength increased from 8.80kN to approximately
21kN with the use of the structural adhesives in the SPR joint. Under cross
tension loading, the average strength increased from 4.14kN to 6.22kN with the
use of Betamate 1480 adhesive and increased from 4.41kN to 6.70kN with
the use of Betamate 4601 in the SPR joint. Similar to joint ID 12L specimens
with adhesive, greater enhancements were observed in energy absorption under
cross tension loading of the bond-riveted joint ID 13 specimens. The average
energy absorption levels increased from 32J to approximately 47J with the use
of Betamate 1480 adhesive and increased from 32J to 51J with the use of
Betamate 4601.
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2.20 Lap shear static test results of joint ID 13 (DP 600/5182-0) with
varying structural adhesives in the SPR coupon assemblies.

© Woodhead Publishing Limited, 2014



Sunday, February 02, 2014 3:06:13 AM

Mechanical strength of self-piercing riveting (SPR) 31

A~ Betamate 1480
- Betamate 4601

Cross tension

Load (kN)

0 5 10 15 20
Displacement (mm)

2.21 Cross tension static test results of joint ID 13 (DP 600/5182-0)
with varying structural adhesives in the SPR coupon assembilies.

Unlike joint ID 12L bond-riveted specimens, the static failure modes of joint ID
13 specimens with and without adhesive were similar under the different loading
conditions. Under lap shear loading, complete rivet pullout was observed in joint
ID 13 specimens without adhesive. With the use of Betamate 4601 adhesive in the
joint, complete rivet tail pullout with partial head pullout was observed in
the bond-riveted lap shear specimens. With the use of Betamate 1480 adhesive in
the joint, complete head pullout and partial tail pullout were primarily observed
in the bond-riveted lap shear specimens. However, it must also be noted that
rivet failure was observed in two of the Betamate 1480 bond-riveted lap shear
specimens. Under cross tension loading, all specimens failed via rivet tail pullout,
regardless of the adhesive system used and regardless of the presence of adhesive.

In addition, the structural adhesives failed cohesively in the faying surface area
surrounding the SPR for both bond-riveted joint ID 12L and ID 13 specimens
under the varying static loading conditions. A mixed failure mode (i.e. cohesive
and adhesive) was typically observed elsewhere on the faying surface overlap
region including delamination of the coated steel surface in some specimens.

In the fatigue evaluations, significant enhancements in joint durability were
observed in the lap shear bond-riveted ID 13 specimens, regardless of the adhesive
system applied to the SPR joint. These observations are consistent with those
observed in joint ID 12L bond-riveted specimens. At 1 million cycles, the fatigue
strength increased two to three times that of the equivalent SPR joint with no
adhesive depending on the adhesive system applied, as shown in Fig. 2.22. A
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2.22 Fatigue test results for dissimilar metal joint ID 13 (DP 600/5182-
0O) coupon assemblies with and without Betamate 1480 and 4601
structural adhesives.

greater enhancement in joint performance was observed in ID 13 specimens with
the 4601 adhesive.
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Abstract: This chapter addresses the fatigue behaviour of self-piercing riveted
joints. Since the process has been used to join aluminium alloy sheets by the
automotive industry, the chapter begins with a comparison of the fatigue
behaviour of self-piercing rivet joints with resistance spot-welds. The factors
that affect fatigue behaviour are then discussed, followed by a description of
fretting fatigue and its effects.

Key words: self-piercing riveting (SPR), fatigue behaviour, self-piercing
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31 Introduction

Self-piercing riveting came to prominence in the 1990s when it was used by the
automotive industry to join together aluminium alloy panels. The main reason for
the application of self-piercing rivets in the automotive sector was that it is
difficult to obtain satisfactory resistance spot-welds with aluminium alloys. The
early research work on self-piercing rivets had therefore concentrated on
comparing the mechanical properties of joints manufactured by the two techniques.
In addition to the static strength discussed in Chapter 2, the fatigue life and
fatigue strength of different self-piercing riveted joints must be established for
durability considerations. As the use of self-piercing rivets gradually became
more widespread, researchers then began to focus their attention on process
optimisation and subsequently investigated other means to enhance the fatigue
life. The necessity to simulate the fatigue behaviour of SPR numerically led to
studies of the fatigue failure mechanisms. The research studies that have been
conducted, mainly during the last two decades, have significantly advanced our
knowledge of the mechanical behaviour of SPR. However, there are still areas
where knowledge needs to be extended in order to permit more accurate numerical
simulation.

This chapter will focus initially on a comparison of the fatigue behaviour
between SPR and spot-welding, followed by a discussion of the factors that
influence the fatigue behaviour of self-piercing rivet joints. Finally there is
reference to fretting wear and fretting fatigue. The fatigue behaviour of self-
piercing riveted joints has been the subject of several investigations. These studies
have concentrated on joints between alloys that are used by the automotive
industry. According to the results of these investigations, self-piercing riveted
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joints do not exhibit a fatigue limit. For this reason, in this chapter, their fatigue
behaviour is described in terms of fatigue strength.

3.2 Comparison between self-piercing riveted and
resistance spot-welded joints

The initial research on the fatigue behaviour of self-piercing riveted joints
focused on a comparison with resistance spot-welded joints. All these studies
(Booth et al. 2000; Fu and Mallick 2001, 2003; Hahn et al. 1999; Krause and
Cherenkoff 1995; Li and Fatemi 2006; Mizukoshi and Okada 1997; Ramjoo and
Westgate 1999) are in agreement that self-piercing riveted joints exhibit superior
fatigue strength in comparison to spot-welded joints. In general, self-piercing
riveted joints display fatigue strength that is twice as high as that for resistance
spot-welds. Mizukoshi and Okada (Mizukoshi and Okada 1997) compared the
fatigue behaviour of self-piercing riveted joints, clinch joints and spot-welded
joints for the automotive body panel aluminium alloys GC45-O (Al-4.6%Mg),
GC55-0 (Al-5.5%Mg) and SGI112-T4 (Al-0.5%Mg-1.1%Si). The authors
compared the behaviour of joints using a parameter that they described as the
‘fatigue ratio’, which was the ratio between fatigue strength and lap shear strength.
The self-piercing riveted joints were observed to have superior fatigue strength
compared with the other two joint types. The ‘fatigue ratio’ for self-piercing
riveted joints was around 0.4, which was twice as high as that for spot-welded
joints.

Booth et al. (2000) conducted a set of comparative fatigue tests between SPR
and spot-welded joints for 5754 aluminium alloy sheet. The fatigue life of 1.2 mm
SPR joints after 1x 10° cycles was observed to be twice as high as those of spot-
welded joints. For 3mm 5754 sheet, the fatigue strength was about 50% higher.
The same study showed similar findings for SPR joints between mild steel sheet
of 0.8 mm thickness, which is around the value of the conventional thickness for
automotive steels. In this case the fatigue strength for mild steel was about 25%
superior to that of spot-welded joints. Comparison can also show that 1.2mm
5754 SPR joints have about twice the fatigue strength of 0.8 mm mild steel spot-
welds after 1x10° cycles.

The reasons for the superiority of self-piercing riveted joints over spot-welded
aluminium alloy joints have been discussed by a number of researchers.
Some (He et al. 2007) have attributed this behaviour to the fact that the metal
around the spot-weld is likely to be in a softer state due to the welding
heat, whereas in the SPR joints the areas adjacent to the rivet undergo work-
hardening. According to Booth et al. (Booth et al. 2000), the probable reason
for this behaviour is that self-piercing riveting is likely to provide a significantly
lower stress concentration. According to the same authors, the geometric
change with SPR is likely to be lower in comparison to resistance spot-welded
nuggets.
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3.3 Factors that affect the fatigue behaviour of
self-piercing riveted joints

The self-piercing riveting process involves piercing of the top sheet by the rivet
followed by flaring and locking into the bottom sheet. Both the rivet and the sheets
to be joined undergo a significant amount of deformation, creating a buttonhole at
the bottom of the lower sheet. From the point of view of fatigue behaviour, it is
very important that this fast and complex joining process avoids formation of
defects and stress concentrations. Current knowledge of the fatigue behaviour of
self-piercing riveted joints is based on the results of several research investigations.
In order to determine the fatigue behaviour of such joints, numerous fatigue tests
must be carried out from a statistical point of view. Unfortunately fatigue tests are
time-consuming and costly and for this reason most studies have conducted only
a limited number of tests. Nevertheless, these studies have identified the important
parameters that affect the fatigue behaviour of self-piercing riveted joints as:

the cyclic load;

the sheet thickness;

the piercing direction (in the case of joints between dissimilar metals);
the frictional force between the joined sheets.

PR

Fu and Mallick (Fu and Mallick 2001) were the first to conduct a detailed
investigation of the effect of the process variables on the behaviour of self-piercing
riveted joints. The parameters that were considered in their study were:

e sheet thickness (1 mm and 2 mm);

e rivet diameter (3 mm and 5 mm);

e rivet length (4mm and 5mm for joining 1 mm thick sheets and 6 mm and
6.5mm for 2 mm thick sheets);

® rivet hardness (410H, and 480 H,);

e two different rivet coatings;

e die tip height (Omm, 0.025 mm and 0.050 mm).

The pre-clamping pressure was set at 60 bar, while the rivet setting pressure
depended on the rivet diameter; a rivet setting pressure of 150 bar was used for the
Smm diameter rivets and 110 bar for the 3 mm rivets. The sheet material was
5754-0 aluminium alloy, while the rivets were made from 0.35%C steel. Analysis
of variance was applied to determine the contribution of each parameter to the
fatigue behaviour by performing statistical analysis using SAS software (SAS/
BASE and SAS/STAT). The relative contribution of each design parameter was
calculated using analysis of variance (ANOVA). According to the results the sheet
thickness was the most influential parameter at around 40%. The second most
influential factor (28.39%) was the level of the cyclic load, but it must be noted
that around 27% of the variance was due to experimental error. Out of the other
processing parameters, the rivet diameter was the most influential at 3.17%, while
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each of the remaining parameters contributed less than 1% influence. It must be
noted that these results were very different compared with the analysis of variance
for static lap shear results, where the die tip height was the most influential factor
(56.61%), followed by the rivet length (8.87%), sheet thickness (6.35%), rivet
hardness, rivet coating and rivet diameter. For static lap shear testing, only about
19% variance was due to experimental error.

In a later study, Fu and Mallick (2003) investigated the effect of the rivet setting
pressure on the static and cyclic behaviour of self-piercing riveted 6111-T4 joints.
As the rivet setting pressure increased from 50 bar to 120 bar, the lap shear static
strength was observed to increase. Samples that were produced within the same
range of setting pressure values also underwent fatigue testing using maximum
loads from about 1 kN to 2 kN. It was observed that at a maximum load of 1.07 kN
the fatigue life increased only slightly with the rivet setting pressure. At maximum
loads of 1.33kN, 1.60kN and 2.00kN, the rivet setting pressure had no influence
on the fatigue life.

Iyer et al. (Iyer et al. 2005) conducted fatigue testing for single-rivet joints for
aluminium alloy 5754-O of 1mm, 2mm and 3 mm thickness. All the samples
were manufactured at a setting speed of 96mm s ' and a setting force of 8OkN.
The authors confirmed that the higher the sheet thickness, the higher the maximum
fatigue load for a given fatigue life. In other words, the fatigue strength increased
with sheet thickness.

Sun et al. (2007) compared the fatigue behaviour of different joint populations
of 5182-0 aluminium alloy where the thickness of the pierced sheet was varied,
while the thickness of the locked sheet remained constant (2 mm). It was observed
that, when the thickness of the pierced sheet was 1 mm, the fatigue strength was
significantly lower compared with results with a 2mm pierced sheet. Within the
life cycle range of 10° to 10° the fatigue strength was twice as high for the joint
with the 2 mm pierced sheet.

When using SPR to join two different sheet materials, the piercing direction
can influence the fatigue behaviour. This was demonstrated by Sun ef al. (2007)
who investigated the behaviour of SPR joints between 1 mm HSLA350 and 2 mm
5182-0. The SPR joint where the HSLA350 acted as the pierced sheet had a
higher fatigue strength by about 30%. Both types of self-piercing riveted joints
failed by a similar fatigue failure mode; this was in the form of eyebrow cracking
of the pierced sheet. However, the position of the crack initiation point was
slightly different due to the head side geometry that resulted from different rivet
head/surrounding material flush levels. For the samples where the | mm HSLA
sheet acted as the locked sheet, the crack initiation point was at the contact area
between the rivet and the pierced (the 2mm 5182-0) sheet. For the samples where
the HSLA was the pierced sheet, the crack initiated on the surface of the HSLA, a
short distance away from the rivet head. The fatigue behaviour was further studied
by Sun et al. (Sun et al. 2007) by testing joints using a stronger steel (DP600 of
1.6 mm thickness) in combination with 5182-O. The fatigue life data were virtually
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similar to those for the HSLA-5182-O combination. When using the DP600 as the
locked sheet, the fatigue failure mechanism was by eyebrow cracking in the
5182-0O sheet. On the other hand, when the DP600 steel was the pierced sheet,
fatigue failure was observed to occur by either rivet fracture or tail side cracking.

The observation of different fatigue failure modes indicates the presence of
different stress concentration areas. Since the self-piercing riveting process is
essentially a cold-working process, piercing through a strong head side material
may potentially cause rivet damage during the process. The selection of riveting
parameters and the riveting direction must therefore take into account the specific
combination of materials to be joined.

Much of the published research on the self-piercing riveting of dissimilar
materials suggests that using the softer metal as the tail side is advantageous to
both the static strength and fatigue strength due to the higher interlock distance
into the bottom sheet. However, work conducted by the author of this chapter has
shown that, in some specific materials combinations and over a range of fatigue
load values, the configuration with the stronger material as the tail side may
exhibit better fatigue resistance. Specifically when joining a 1.2 mm HSLA steel
(yield stress=250MPa and UTS=400MPa) and 1.5mm 5182 aluminium alloy
(yield stress =140 MPa and UTS =290 MPa), the samples having the HSLA as the
pierced sheet (with average interlock distance of 0.85 mm) failed at an average lap
shear load of 6.24kN in comparison with 4.85kN for samples pierced in the
reverse direction (with average interlock distance of 0.49mm). The results of
fatigue testing for the two different types of joints are shown in Fig. 3.1. While
the fatigue strength of the samples with the HSLA steel as the pierced sheet
is superior at the higher fatigue loads, this is not so at lower fatigue loads. As
Sun et al. (Sun et al. 2007) have quite rightly pointed out, any general
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3.1 Fatigue behaviour of self-piercing riveted joints between HSLA
steel and aluminium 5182 with different piercing directions.
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recommendations such as using the softer metal as the tail side must be exercised
with some degree of caution for a particular material combination. Thus any
decisions on the piercing direction must be verified by experimental data.

During the self-piercing riveting process, a high enough upset force must be
applied in order to lead to yielding and deformation of the rivet. Upon removal of
the upset force, the component parts are left in compressive contact with each
other, while the rivet is left in tension perpendicular to the joint. When loaded, the
joint configuration will experience frictional forces that distribute the load over a
greater area so that the lap shear strength and the fatigue strength are improved. In
a lap shear joint, part of the applied load is transferred by friction between the
contact surfaces, while the rest is transferred by bearing between the rivet and the
sheet adjacent to the rivet. The importance of the frictional forces at the interface
between the sheets that are riveted together was demonstrated by Han et al. (Han
et al. 2006a). The fatigue behaviour was examined for self-piercing riveted joints
between three different combinations of 5754 aluminium alloy sheets. The first of
the three sets of samples was produced using uncoated 5754 sheets, the second
had a wax coating, while the third used PTFE tape inserted between the two 5754
sheets. Direct shear apparatus was used to measure the coefficient of friction
of the three types of samples. The wax-coated and the uncoated sheets had a
coefficient of friction of 0.26 and 0.24 respectively, while the use of a PTFE insert
gave a value of 0.03. It was observed that the fatigue strength decreased as the
coefficient of friction decreased.

Fatigue failure for the uncoated and the wax-coated samples was observed to
take place by means of eyebrow failure of the pierced sheet close to the rivet head.
In contrast to this, the sample with the PTFE insert failed by rivet fracture. The
much lower coefficient of friction resulted in a lower frictional force at the
interface between the two sheets and this altered the load transfer mechanism of
the joint. This increased the bearing load acting on the rivet, which as a consequence
suffered fatigue failure.

3.4 Fretting fatigue

When a self-piercing riveted joint experiences a load, part of the load will be
transferred by friction between the contacting surfaces. The presence of such a
frictional force is essential for the proper function of the joint; without this
frictional force the joint will be weaker. At the same time the presence of friction
at the contacting surfaces leads to fretting fatigue. The failure of self-piercing
riveted joints by fretting fatigue was investigated by Iyer et al. (Iyer et al. 2002)
and by Han and co-workers (Han et al. 2006b).

During cyclic loading of self-piercing riveted joints, fretting scars develop at
the contact area between the two sheets adjacent to the rivet. Typical fretting scars
and their position are demonstrated in Fig. 3.2. Iyer et al. (Iyer et al. 2002)
observed that fatigue crack initiation in self-piercing riveted joints involved
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3.2 Typical fretting scars as a result of fatigue for a self-piercing
riveted joint between two 5754 aluminium alloy sheets.

3.3 Scanning electron micrograph of fretting scars on the surface of
aluminium alloy 5182.

fretting wear at the interface between (i) the rivet and the joined sheets and (ii) the
interface between the two sheets. They also reported that fretting wear became
more severe as the sheet thickness increased.

Upon the application of a cyclic load, fretting wear at the interface between the
two contacting sheets will initiate. During the initial stages of fretting, the fretting
scars may not be visible to the naked eye; however, examination of the contacting
surfaces by using SEM reveals scarring and wear, as shown in Fig. 3.3. The
contacting sheets are aluminium 5754 and analysis of the fretting scars reveals the
presence of mainly aluminium oxide with traces of magnesium oxide (magnesium
being the main alloying element in alloy 5754). The scars at this stage are not deep
and seem like ‘laminates’ coming off the surface. If the alloy is coated with a solid
lubricant, early fretting will involve wear of the solid lubricant layer. As the
number of cycles increases, black scars that are typical of fretting wear gradually
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appear. As fretting damage progresses, stress concentration can build up at these
areas leading to the nucleation of a fatigue crack, which propagates obliquely to
the sliding direction. The crack further grows in the same direction into the
subsurface and then changes direction and continues to propagate perpendicular
to the sliding direction until fracture. Han et al. (Han et al. 2006b) have also
shown that the fretting action led to work-hardening of the metal subsurface. Even
though the effects of the work-hardening have not been studied extensively, it is
possible that they may provide some additional resistance to crack propagation.
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Abstract: This chapter describes the corrosion mechanisms that are
encountered when a self-piercing riveted assembly is subjected to a corrosive
environment. The chapter begins with a short introduction and a description of
the fundamental theory of the likely corrosion mechanisms for self-piercing
riveted joints. This is followed by a description of relevant methods of studying
the corrosion behaviour and the results of a study of the corrosion of self-
piercing riveted joints between interstitial-free steel and aluminium 5182 as
conducted by the author. The chapter ends with a description of the means that
are used to minimise or eliminate the corrosion of self-piercing riveted joints.

Key words: self-piercing riveting (SPR), corrosion mechanisms, self-piercing
riveted joints.

41 Introduction

Corrosion is defined as the chemical degradation of metals and can lead to metal
loss as well as metal and component failure. For this reason, the cost of corrosion
is very high. In 1971, a UK Government Committee on Corrosion and Protection
(Hoar 1971) concluded that the total cost of corrosion to the national economy
accounted for 3.5% of the country’s gross national product (GNP), while in the
United States in 1975 the figure was 4.2% (Editorial 1980, Corrosion Prevention
and Control). It is generally estimated that the cost of corrosion in the developed
economies is of the order of about 3% of GNP, which is a significantly high figure.

The corrosion of automotive vehicles has been the subject of several previous
studies and reports. There is probably no other consumer product that attracts so
much attention and concern, owing to what vehicles suffer from exposure to the
atmosphere (at ambient temperatures, in rain, in humid conditions, in increasing
reactive concentrations, etc.). The main reasons for scrapping cars have been
documented to be accidents, obsolescence and corrosion (McArthur 1981). As the
level of corrosion may determine the ability to repair a car following an accident,
the role of corrosion and corrosion protection cannot be overestimated.

In addition, the strength of the car body is likely to be affected by the amount
of corrosion that it suffers. In the event of impact, the ability of the car body to
absorb energy and provide safety to the passengers is likely to be influenced by
the amount of corrosion the body has suffered. Arguably, corrosion is the main

41
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factor that determines the lifetime of a vehicle and the ability to repair it
following an accident. It is therefore no surprise that, from the 1980s onwards,
car manufacturers have paid significant attention to reducing corrosion. These
developments have led to improved corrosion resistance to such an extent that
new vehicles are sold with a warranty against cosmetic, perforation and structural
corrosion. This has been achieved largely through the use of better design against
differential aeration corrosion, through the use of improved coating systems
and, in the case of steel, by the increasing use of galvanised products (Atwood
1995). Some of these methods were discussed by Ostermiller et al. (Ostermiller
et al. 1996).

The use of alternative materials, such as aluminium for car body applications,
has led to the introduction of new joining processes, including self-piercing
riveting. The ability to maintain corrosion protection in car bodies that are
constructed with new materials and processes is still paramount. This chapter will
address the corrosion of self-piercing riveted joints. Following a short summary
of the background to the mechanisms of corrosion of lap joints, the chapter will
examine the corrosion mechanisms for self-piercing riveted joints and outline
some of the corrosion protection methods.

4.2 Background theory of corrosion

The most common class of corrosion is wet corrosion and this occurs as
an electrochemical reaction. This class of corrosion takes place in an aqueous
environment and is also referred to as aqueous corrosion. In the process
of electrochemical corrosion, metal atoms lose electrons to become ions and in
the process they go into solution. During the corrosion reaction, an electric circuit
is formed and the system is called an electrochemical cell. A typical example
of an electrochemical cell is presented in Fig. 4.1. The cell consists of three
components:

1. The anode that gives up electrons to the electric circuit and corrodes. The
anode loses electrons and oxidises by forming ions, which enter the electrolytic
solution. The electrons leave the anode and travel to the cathode through the
electrical connection. The anode is the positively charged side of the circuit.
The anodic reaction is

metal — metal ions +electrons
or
M—-M"+ne
2. The cathode receives electrons from the circuit. In aerated water, oxygen
reacts at the cathode to form hydroxide ions:

% 0,+H,0+2e —20H
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Galvanic corrosion

e

Zinc anode

N Iron (or steel) cathode
(Zn — Zn2+ + 2¢7)

(2H,0 + O, + 46" — 40H")

4.1 Diagram of an electrochemical cell.

The hydroxide ions react with the positively charged metal ions to produce a
solid product or rust. In the case of zinc as presented in Fig. 4.1,

Zn—7n> +2¢e

720,¥H,0+2¢ —20H"
and

Zn*"+20H —Zn(OH),
The most commonly used alloy globally is steel. When steel corrodes the
reactions that take place are:

Fe—Fe’ +2¢

72 0,+H,0+2e —20H"
and

Fe*'+20H —Fe(OH),
and eventually

4Fe(OH),+0,—2(Fe,0,.H,0)+2H,0
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The corrosion process leads to the formation of haematite (Fe,0,), which is
commonly referred to as ‘rust’.

3. An electrolyte must be in contact with both the anode and the cathode. The
electrolyte is conductive and provides the route for the metal ions to leave the
anode and travel to the cathode. Water is the most common electrolyte. It must
be stressed that for wet corrosion to take place both oxygen and an electrolyte
must be present.

When a metal is placed in a corrosive (i.e. electrolytic) solution, it develops an
electrode potential, which is a measure of the tendency of the metal to lose its valence
electrons. The driving force for the oxidation reaction must be offset by an equal and
opposite driving force for the reduction reaction. Therefore it is not possible to
measure the electrode potential of an individual material; for this another electrode
is required. Values of the electrode potential are thus measured in a half-cell by
connecting a metal in a molar solution of its ions to a standard electrode in a molar
solution of its own ions. The hydrogen electrode is used as the standard reference
electrode and, by definition, its electrode potential is set equal to zero volts.

Before looking at the corrosion of self-piercing rivets in more detail, the
fundamental theory behind the possible corrosion mechanisms will be addressed.
These are galvanic or bi-metallic corrosion, differential aeration corrosion and
stress cells. Galvanic corrosion takes place when two metals are in contact with
each other in the presence of an electrolyte, leading to the formation of an
electrochemical cell. The more reactive of the two connected metals will undergo
preferential corrosion (i.e. it will act as the anode), while the more noble metal
will be protected (i.e. it will act as the cathode) as in Fig. 4.1. The tendency of a
metal to act as the anode or the cathode is determined by its position in the galvanic
series. Table 4.1 presents the galvanic series for selected metals. The anodic

Table 4.1 The electrochemical series for selected metals

Metal Standard electrode
potential (V)
Mg—-Mg*+e” -2.37
Al—= Al +3e” -1.66
Zn—27Zn*+2e” -0.76
Fe—Fe*+2e” -0.44
Ni— Ni** +2e~ -0.25
Sn—Sn?+2e” -0.14
H—H*+e” 0.00
Cu—Cu*+2e” +0.34
Ag—Ag'+e” +0.80
Pt—Pt* +4e” +1.20
Au—Au®*+3e” +1.50
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metals are placed at the top of the series and the cathodic metals at the bottom
(note that American sources arrange the galvanic sources in the reverse order).
According to the series, if aluminium and mild steel are electrically coupled
together in the presence of water, aluminium, which is higher up the series, will
suffer preferential corrosion and steel will be protected. Since self-piercing
riveting of aluminium is carried out using steel rivets, galvanic corrosion would
be possible.

Differential aeration corrosion takes place due to the presence of differences in
the composition of an electrolyte. This corrosion mechanism is typically observed
when there are areas of contact between the metal and the electrolyte where
starvation of oxygen is present. Electrons will flow from the low-oxygen region,
which acts as the anode (and corrodes), to the high-oxygen area that serves as the
cathode. Areas where this type of corrosion is likely to take place include the joint
interface between the riveted sheets and the gap between the rivet and the sheet
metals where the oxygen concentration is likely to be low. An example illustrating
the corrosion in the overlap of a mechanically fastened assembly is presented
in Fig. 4.2. Another possible corrosion problem in self-piercing riveted joints

Differential aeration corrosion

Anode (inside crevice): Fe — Fe2+ + 2e”
Cathode (outside crevice): O, + 2H,0 + 4e” — 40H"

Fe2+ + 20H" — Fe(OH),

!
2(Fe,04.H,0)
or
4(FeO.OH)

Rust

4.2 Schematic diagram portraying the mechanism of differential
aeration corrosion within the overlap of a mechanically fastened
assembly.
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involves crevice corrosion within cracks that might arise if the rivet were to break
through during the riveting or other stage.

Stress cells are developed when a metal contains areas with variations of local
stresses. These stresses could be in the form of applied or residual stresses. In the
case of a self-piercing riveted joint, the process leads to deformation of the
metallic sheets and the rivet. The most highly stressed areas will behave as anodic
regions and corrode, while the parts with lower stress will be cathodic. The highly
stressed areas of a self-piercing riveted joint like the buttonhole, the regions
around the pierced hole and the rivet itself are areas which are likely to suffer
from this type of corrosion.

4.3 Methodology of corrosion studies

The corrosion of self-piercing riveted joints is described in the next section from
studies that were conducted using the ASTM-B117-97 corrosion standard, which
describes the standard practice for operating salt-spray (fog) apparatus. To date
there are no specific standards for the corrosion of self-piercing riveted joints, but
there are some standards that are relevant to the corrosion of lap joints. These are
the European Coil Coating Association (ECCA) test method T19 for atmospheric
corrosion and the German specification VDA 621-415 on the accelerated ageing
of anti-corrosion coatings in automotive applications.

The procedure based on the ASTM-B117-97 standard that was used to obtain
the corrosion results presented in this chapter is described below.

The samples that were used during the corrosion study that is reported in
the next section involved interstitial-free (I.F.) steel that was joined to aluminium
5182 using a semi-tubular rivet made of steel that could be hardened to
500H,. Both the LF. steel and the rivet were covered with a Sn-Zn protective
coating. The L.F. steel acted as the pierced (top) sheet and aluminium 5182 was
the locked (bottom) sheet. The samples were cleaned using a soft nail brush,
followed by treatment in an ultrasonic bath filled with acetone to remove
any grease. The samples were then thoroughly dried by blowing hot air at them
for 5 minutes. They were subsequently left to dry for 48 hours in an oven at
70°C before being weighed to an accuracy of four decimal places. Corrosion
was performed at 35°C (£1.5°C) in a salt-spray chamber using a 5% NaCl
solution in de-ionised water. The total time of exposure was 1000 hours. This
treatment was carried out in hourly cycles. This involved the samples being
subjected to a fog spray (salt spray) for 10 minutes at a flow rate of 0.8 litres/hour
followed by 50 minutes of hot air (drying). The sequence was repeated every
hour. Samples were removed at various intervals for weight measurement and
examination. The test was stopped after 1000 hours for weight measurement
and analysis after they were cleaned in an ultrasonic bath using de-ionised
water to remove NaCl deposits then washed with propan-2-ol and dried at 70°C
in an oven.
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4.4 Corrosion of self-piercing riveted joints

The weight change with time for interstitial-free (I.F.) steel riveted to aluminium
5182 is presented in Fig. 4.3. During the initial stages of corrosion, a small weight
gain was recorded and this was followed by a gradual weight loss. The weight loss
was due to the loss of iron as ‘rust’ (Fe,0,), which occurred in the later stages of
corrosion after the zinc-based coating had undergone sufficient corrosion to
expose the underlying LF. steel. The first signs of corrosion led to a small weight
gain and started to be visibly evident in the form of white specks on the surface of
the rivet and on the surface of the L.F. steel after about 48 hours. This was due to
corrosion of zinc from the protective two-phase Sn-Zn coating on the surface of
the rivet and the LF. steel. In the presence of a very aggressive environment, as in
the accelerated salt-spray test according to the ASTM B117-97 standard, protective
zinc coatings can suffer corrosion at a fast rate. The corrosion mechanism on the
surface of the rivet and the LF. steel involved galvanic corrosion since zinc is
higher up in the galvanic series than tin. In the case of the coating on the surface
of the LF. steel, corrosion was further accelerated by galvanic corrosion, since at
the overlap the coating was in direct contact with the aluminium alloy, with the
latter undergoing corrosion since it is higher up the galvanic series. The use
of X-ray diffraction identified the main corrosion products on the surface of
the rivet and the steel to be zinc hydroxide and hydrocarbonate and zinc
hydroxychloride (or simonkolleite) with the formula Zn,CL(OH),.2H,0. Two
zinc hydrocarbonates are possible: hydrozincite [Zn (CO,),(OH),], which is the
most common, and Zn,CO,(OH).H,0, whose formation is limited to marine
environments or conditions with high levels of sodium chloride.
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4.3 Plot of percentage weight change with time for the corrosion of a
self-piercing riveted assembly of |.F. steel with aluminium 5182.

© Woodhead Publishing Limited, 2014



Sunday, February 02, 2014 3:06:28 AM

48 Self-piercing riveting

During the initial stages, there is also evidence of the beginning of corrosion
within the outside ends of the overlap. The mechanism of corrosion within the
overlap is differential aeration corrosion and is due to a differential in the oxygen
concentration as the electrolyte gradually moves into the overlap. The electrolyte
in the inner parts of the overlap normally contains a lower amount of oxygen;
these parts act as the anode, while the parts on the extreme outside of the overlap
contain higher levels of oxygen and act as the cathode. The anodic reaction in the
early stages involved the corrosion of zinc by

Zn—7Zn* +2e

while the cathodic reaction formed hydroxide ions
0,+2H,0+4e —40H

The overall corrosion reaction is
Zn+20H — Zn(OH),

The combination of the two reactions led to a build up of zinc hydroxide, while
the consumption of oxygen by the cathodic reaction maintained the oxygen
differential that drove the corrosion reaction. The lower mobility of the hydroxide
ions led to an increase in the chloride ion concentration and, as a result, to an
increase in corrosion close to the corrosion front. With time, at the entrance to the
overlap joint, the aerated (higher oxygen concentration) electrolyte led to the
formation of a thick layer of a metallic corrosion product that was richer in zinc
hydroxide and zinc hydrocarbonate. Elemental analysis using energy dispersive
X-ray microanalysis (EDAX) shows evidence of mainly zinc and oxygen and
traces of chlorine at the entrance to the overlap joint, as presented in Fig. 4.4. This
confirmed that the corrosion product at the entrance of the overlap was mainly
zinc hydroxide. The microstructural morphology was significantly different in the
inner areas of the overlap where the chloride concentration was higher. In these
areas, a plate-like morphology was evident. Based on the EDAX analysis in
Fig. 4.5 the plates were identified as Zn,CL,(OH)_.2H,O. The likely reaction was

47Zn0+Zn* +2CI +5H,0 — Zn,CL(OH),.2H,0

The access of the electrolyte into the overlap regions was gradual; as a result the
corrosion reactions within the overlap progressed gradually inwards. As the
corrosion product continued to build up within the overlap, aluminium began to
corrode as well; presumably by then the direct contact between the two sheets was
virtually lost and no galvanic corrosion could be maintained. Thus corrosion of
the aluminium alloy commenced during the later stages of the test.

The interfacial area between the top of the rivet and the I.F. steel was another
area where differential aeration corrosion was observed. The progression of
corrosion in this region is presented in Figs 4.6(a), 4.6(b) and 4.6(c). During the
initial stages, corrosion of zinc was observed to take place. When this became
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Element Wi% At%
OK 36.20 69.35
CIK 01.85 01.60
ZnK 61.96 29.05
Matrix Correction ZAF

4.4 EDAX analysis at the entrance to the overlap joint showing the
presence of mainly zinc hydroxide.

severe enough for the LF. steel to be exposed, the formation of Fe,O, around the
entire rivet hole took place. Another corrosion mechanism that is likely to be
active around the rivet hole is due to stress cells, which develop when a metal/
alloy contains areas of different local stresses. The piercing process will create
deformation around the rivet hole and this region will be more highly stressed
than the areas further away from the rivet hole. The regions that are more highly
cold-worked will act as the anode in comparison with the surrounding areas that
experience low deformation stresses and act as cathodic sites.

The effect of corrosion within the overlap on the lap shear strength of the self-
piercing riveted joint is shown in Fig. 4.7. During the initial stages of corrosion
the lap shear strength increased. Earlier work by Howard and Sunday (Howard
and Sunday 1983) had reported that, after a 90-day alternate immersion test, there
was no significant deterioration in the lap shear strength of self-piercing riveted
aluminium alloy joints. This type of behaviour is likely to be due to an increase in
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Element Wit% At%
OK 14.27 37.42
CIK 13.95 16.51
ZnK 71.78 46.07
Matrix Correction ZAF

4.5 EDAX analysis revealing the presence of plates of
Zn,Cl,(OH),.2H,0 deep within the overlap areas.

the coefficient of friction (and hence of frictional force) at the interface between
the mating sheets as the corrosion product builds up. However, during the later
stages of the salt-spray corrosion test, the excessive build up of the corrosion
products led to an increase in the amount of stress acting on the rivet. As a
consequence, failure of some of the self-piercing rivets occurred even in the
unloaded condition, effectively opening up the overlap as shown in Figs 4.8(a)
and 4.8(b). Crevice corrosion of the steel rivet due to the presence of a differential
in the oxygen concentration within the gaps between the rivet and the alloys
can also contribute to this observation. The rivets in their initial condition
are covered with the zinc-based coating, but parts of the coating are normally
damaged during the piercing and locking stages of the self-piercing riveting
process. This exposes significant parts of the steel, which starts to corrode even
during the early stages of the corrosion test. The gradual loss of iron from the
exposed rivet surface can create stress concentrations that may lead to eventual
failure of the rivet.
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(b)

4.6 The progression of corrosion in the interfacial area between the
rivet and |.F. steel: (a) after 351 hours; (b) after 510 hours; (c) after
850 hours.
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4.7 The effect of corrosion on the lap shear strength of a self-piercing
riveted joint between I.F. steel and aluminium 5182.

(a)

(b)

4.8 (a) Build up of corrosion products within the overlap of a self-
piercing riveted joint between I.F. steel and aluminium 5182. (b) Failure
as a result of build up of corrosion products within the overlap.
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The rivet buttonhole was the other area where corrosion took place. There are a
number of potential reasons for corrosion in this region. These are summarised
below.

1. Stress cells are likely to develop at the buttonhole areas that have been
deformed and are therefore highly stressed compared with the surrounding
areas. As above, the deformed areas are going to act anodically to the less
stressed cathodic regions.

2. The buttonhole, depending on its shape and amount of deformation as well as
its orientation during the corrosion test, may act as a water (electrolyte) trap
giving rise to differential aeration corrosion.

3. In cases where zinc-coated steel is the bottom sheet, the zinc coating may
be damaged as the material is deformed. Depending on the amount of
deformation, the damage may be such that the zinc coating cannot ‘heal’ itself.
As a consequence localised damaged areas will expose the steel to the
electrolyte and will suffer from corrosion.

4.5 Corrosion protection of self-piercing rivets
and joints

There are a number of corrosion protection measures that can be applied to self-
piercing riveted joints in the automotive industry. As discussed above, one of the
corrosion mechanisms involves galvanic corrosion due to the use of steel rivets to
join aluminium alloys and future effort is likely to focus on the use of aluminium
alloy rivets. In the development of suitable aluminium alloy rivets, it is clear that
the rivet material must be stronger than the sheets to be joined. For this reason, the
rivet and sheet materials are unlikely to be of the same composition and will
exhibit slightly different chemical properties and different values of electrode
potential. As a consequence, the problem of galvanic corrosion in self-piercing
riveted assemblies cannot be totally eliminated. Recently Hoang et al. (Hoang
et al. 2009) joined sheets of AA6060 alloy in different conditions using rivets
made of 6082-T6, 7108-T5 and 7278-T6 rivets. Their study showed that these
rivets can successfully join sheets of AA6060 alloy. Mechanical tests showed that
the aluminium alloy rivets gave joints that were lower in strength than joints with
steel rivets. The best performing rivet was the 7278-T6 rivet, which resulted in
joints of strength of about 10% lower than the strength of joints with rivets made
of steel.

Self-piercing rivets are coated primarily for protection against corrosion and
sometimes for decorative purposes. A variety of coatings are available and these
include zinc and a combination of tin—zinc of composition ranging from 50% to
90% tin. The main technique that is used for coating self-piercing rivets is
mechanical plating. This is based on a cold-welding concept that is carried out
in tumbling rubber-lined barrels and applies mechanical energy at room
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temperature. Zinc, tin and aluminium can be applied by this means either singly
or in combination. The rivets along with the metallic coating powders, glass beads
(which act as the impact medium) and surface conditioners are placed in the
barrels, which are then rotated. The coating powder is impacted by the glass beads
onto the rivet surface through the rotation of the barrels. A mechanical bond
is thus created between the rivet and the metal coating. Zinc coatings ranging
from about Sum to 15 um are possible with good protection against corrosion.
The other major process that can be used to coat self-piercing rivets is
electroplating.

Zinc coatings have been used for many decades in order to provide
corrosion protection to steel. In recent years, tin—zinc coatings have been
introduced. Since there is no mutual solubility between tin and zinc at room
temperature, the coating consists of a two-phase mixture of virtually pure grains
of tin and zinc. The coating is impermeable to water and, under corrosive
conditions, zinc will corrode first and thus maintain its sacrificial property. Sn-Zn
coatings were originally developed in order to replace the toxic cadmium coatings,
but they are now also competing with zinc coatings, owing to their superior
corrosion resistance. They are generally thought to be about five times more
corrosion resistant than zinc coatings. They also possess other advantageous
properties including good frictional properties and good wear resistance. Of
particular interest to the automotive industry is the fact that the Sn-Zn coating can
maintain its strength at higher temperatures, which is important for retaining the
joint strength during the finishing operations. In addition, the coating can retain
high electrical conductivity and can therefore be used as an electrical grounding
member. Its good ductility also helps it prevent coating damage when bent or
stamped.

Sn-Zn coatings have been used for the corrosion protection of self-piercing
rivets in the Jaguar XJ as well as the Audi TT. In the case of the latter, corrosion
concerns are even more serious because steel sheet rear-part members have
been joined to the aluminium body assembly. In automotive body applications,
self-piercing rivets are used in combination with adhesive bonding, which forms
the basis of insulating the mating sheets and sealing the overlaps. In the case of
the Jaguar XJ, about 3200 self-piercing rivet joints are set over about 90 metres
of aerospace-industry sourced epoxy adhesive. In the Audi TT a further measure
has had to be taken by sealing the overlaps between steel and aluminium
with polyvinyl chloride (PVC) or with wax following the cataphoretic coating
process.
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Abstract: This chapter discusses the dynamic SPR strength evaluation
procedures and the measured dynamic strength data for various joint
populations of self-piercing rivets (SPR) joining similar and dissimilar metals.
A state-of-the-art review of the current practice for conducting dynamic tensile/
compressive strength tests in different strain rate regimes is presented, and the
generic issues associated with dynamic strength testing are addressed. The joint
strength testing procedures and fixture designs used in the current study are
then described, and the typical load versus displacement curves under different
loading configurations are presented. Detailed static and dynamic strength data
and the associated energy absorption levels for all the samples in the joint
populations are also included.

Key words: dynamic strength, high rate, strain rate, fixture design, energy
absorption.

5.1 Introduction

In order to ensure passenger safety and to comply with various impact safety
regulations, vehicle design engineers must have sufficient information and
knowledge about joint strength and other mechanical properties when new
materials and joining processes are introduced to a specific vehicle design. In
addition to the static material and joint properties, the dynamic strengths of these
joints under different loading modes subject to dynamic loading are also critical
in evaluating the crashworthiness of the joint structures."'*'* >

The mechanical performance evaluations of an SPR by laboratory tests can be
very complex because joint strength often depends on coupon size and
configuration, loading mode, loading rate and loading environment. In
addition, different processing parameters used in the fabrication process usually
render SPR with different strengths. The mechanical strength of an SPR
under quasi-static loading has been discussed in Chapter 5 under different
loading conditions. Comparisons have been made for samples with and
without breakthrough and with various failure mechanisms. See Fig. 5.1(a)—(c)
for typical fixture designs for static SPR joint strength evaluations.
Chapter 6 discusses the fatigue tests and fatigue behaviors of SPR under different
loading conditions with various coupon configurations and associated fixture
designs.

56
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5.1 Coupon configuration and fixture design for static tests: (a) lap
shear loading condition, (b) cross tension loading condition, and
(c) coach peel loading condition.

These coupon configurations and the associated fixture designs are for static/
fatigue loading only and they cannot be applied directly under dynamic loading
conditions because of a variety of issues, such as reliability of the gripping systems
under high rate loading, heavy fixtures’ inertia effects, individual hydraulic
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systems’ loading rate capacity, as well as the differences in data acquisition
systems needed. In general, special fixtures are needed for dynamic tests.

In this chapter, we first review the state-of-the-art dynamic testing
methodologies in different strain rate regimes. The generic issues related to high
rate strength testing are then discussed. Since the strain rate of relevance to the
automotive safety community is less than 1000/s, we propose to use a servo-
hydraulic system with specific fixture designs to characterize the dynamic
joint strength. The testing procedures and the associated fixture designs for the
dynamic tests are presented next.

Typical dynamic load and displacement versus time curves are presented in raw
form, without any numerical filtering. The uniqueness of the current testing
procedure is established by comparing the joint strength data obtained in this
study with results in the open literature. Dynamic joint strength and energy
absorption results for various SPR joint populations are provided in tabulated
format. The effects of loading rates on joints’ ductility and peak strength are then
discussed for different loading configurations. The dynamic joint strength can be
used by automotive safety engineers in evaluating the crashworthiness of a
specific vehicle design made from these specific material combinations.

5.2 State-of-the-art review of dynamic tensile tests

Materials’ mechanical properties under dynamic loading are usually very
important for impact and explosive resistant structural design.'" This section
reviews the dynamic factors and typical experimental methods for high strain rate
base material tests.

There is no very clear definition distinguishing static and impact loading. If the
load is applied slowly enough, the test can be considered as quasi-static or static.
ASTM ES8 requires strain rate not to exceed 5x 10~ s™' for steel or 15x 107 s™' for
aluminum for quasi-static tests.'> Mechanical behaviors of metals at high strain
rates usually differ considerably from those observed at quasi-static strain rates.
The difference can be attributed to the activation of different slip systems,
differences in dislocation mobility, pile up and accommodation processes
under different strain rates. In practice, an important difference between static
and impact resistant design is also that statically loaded parts must be designed
to carry loads, whereas parts subjected to dynamic impact must also be
designed to absorb energy.

Material strength properties usually vary with the speed of load application. For
steels in general, both the yield and ultimate tensile strengths increase with the
speed of loading."” ' Studies indicate that a linear relationship exists between
flow stress and the logarithm of plastic strain rate in the range from quasi-static
rates to about 10°s™' for low carbon steels.”” ' Above this range, the flow stress
generally rises far more rapidly with strain rate. At strain rates in excess of 10*s™,
the lower yield stress is often found to be directly proportional to strain rate, rather
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than to the logarithm of strain rate. On the other hand, aluminum alloys show less
sensitivity to loading rate. For example, a nearly constant level of yield strength
has been observed for 2xxx series of aluminum alloys for the strain rate range
from quasi-static rates to about 10°s™"."* Table 5.1 summarizes the experimental
methods for high strain rate base material test at different stain rate ranges as
recommended by the American Welding Society."

Typical quasi-static mechanical tests are performed at the strain rate of around
10*s™" in a hydraulic test frame. In these tests, regular strain-gage load cells can
be used to record the load response, and the displacement is usually measured by
linear variable differential transformer (LVDT) or by direct hydraulic ram
displacement provided that the stiffness of the machine is much higher than the
stiffness of the connection and that the fixtures are very strong and that no slippage
occurs at the gripping surfaces. Typically, very bulky fixtures, such as wedge
grips, are used to satisfy these requirements. Similar equipment and technique can
generally be extended to strain rates as high as 0.1s™ without much difficulty. For
tests at strain rates above 0.1s™', grip slipping, inertia effects, wave propagation
effects, shock wave effects, thermal effects, as well as the difficulty with load and
strain measurements are likely to appear. These dynamic effects become more
significant at higher strain rates. '>"* '

5.2.1 Inertia and wave propagation effects

A fundamental difference between a high strain rate test and a quasi-static test is
that inertia and wave propagation effects become more pronounced at higher
strain rates. When the strain rate is increased through the medium strain rate
regime, the measurement of load is the first to be affected by natural frequencies

Table 5.1 Experimental methods for base material property test at different strain
rate ranges

Mode Applicable strain rate, s  Testing techniques
Compression <0.1 Conventional load frames
0.1-100 Special servo-hydraulic frames
0.1-500 Cam plastometer™ and drop test
200-10* Hopkinson pressure bar in
compression
10%-10° Taylor impact test and flyer plate test
Tension <0.1 Conventional load frames
0.1-500 Special servo-hydraulic frames?®
100-10* Hopkinson pressure bar in tension
10* Expanding ring and flyer plate in
spallation mode
>10° Flyer plate
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of the loading apparatus and stress wave propagation. As the strain rate increases
even further, uniform deformation within the specimen becomes more critical.
Inertia initially opposes uniform deformation, and a stress wave is transmitted and
reflected within the test piece. The velocity of waves and the size of the test piece
determine the upper limit of strain rate for accurate measurement of stress—strain
curves. At very high strain rate (beginning at about 10* or 10°s™"), shock wave
propagation becomes critical. Since we focus on intermediate strain rate tests in
this study, the extremely high strain rate tests will not be discussed in detail.

5.2.2 Conventional load frames at intermediate strain rates

In automotive accident studies, strain rates between 100s™ and 200s ™' are most
often observed. This is in the range of intermediate strain rate and the joint strength
under this loading rate range can be determined by conventional load frames with
high rate actuators.

Conventional test machines can be pneumatic or hydraulic, with high rate
actuators to deliver increasing ram velocities. The crosshead speed of hydraulic
machines is limited to the capacity of the hydraulic pump to deliver a steady
pressure on the piston of the actuator or crosshead. Servo-hydraulic test machines
often offer a wider range of crosshead speeds. For dynamic testing of automotive
components, specially designed servo-hydraulic systems can reach as high as
30m/s (67 mph)."”

Many other factors also influence the loading speed the specimen experiences.
For example, the speed may be influenced by the load that the ram is attempting
to apply, and the no-load, empty-frame speed may be much higher than the full-
load speed. Second, a long stroke machine may attain a given speed only after a
significant amount of travel. Third, the specimen length could influence test
results because considerable specimen strain could occur before final maximum
velocity is obtained in a tension test. Finally, the ability to control speed is a
function of the response capability of a servo-controlled machine working in a
closed-loop mode. Open-loop machines provide speeds that can be influenced by
specimen strength and cannot easily reproduce predetermined velocities or strain
rates on materials with different yield strengths or strain hardening behaviors.

5.2.3 Load cell ringing and response time

In typical quasi-static and low speed tests, strain-gage load cells and pressure
transducers are often used to measure load. For strain-gage load cells, strain gages
are mounted on precision-machined alloy-steel elements, sealed in a case with the
necessary electrical outlets, and arranged for tensile and/or compressive loading.
The load cell can be mounted so that the specimen is in direct contact, or the cell
can be indirectly loaded through the machine crosshead, table, or columns of the
load frame. The load cells are calibrated to provide a specific voltage as an output
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signal when a certain force is detected. In pressure transducers, which are
variations of strain-gage load cells, the strain-gage member is activated by the
hydraulic pressure of the system.

These strain-gage load cells often have natural frequencies ranging from 500 to
5000Hz. The natural frequency of a specific load cell is an intrinsic design
parameter that is determined by geometry and physical properties, such as density
and elastic modulus. For tests at low strain rates, a typical strain-gage load cell
can provide sufficient frequency response. However, problems often arise at
intermediate to high strain rate due to ringing in the load cells.

When a constant high rate test is performed, deformation must be initiated by
an impact due to the acceleration time required by the ram. If the test response
frequency is close to the natural frequency of the load cell, the impact can excite
the natural vibrational mode of the load cell, which will produce oscillations in the
output signal that can mask the actual load measurements. This effect is called
load cell ringing."” For tests with strain rate ranging from 100 to 500s ', a standard
strain-gage load cell either may not possess the necessary frequency response or
it may ring excessively. These characteristics render it inadequate for load
measurement under intermediate strain rate. Ringing of the load cell
can be minimized by selecting a load cell with a high vibration frequency. If
the natural frequency is sufficiently high, the vibrational mode may not be
excited by the impact; or, even if excited, it may be possible to remove it from
the signal with a low pass filter. Generally, the load cell response time must be
short enough compared with the total duration of the test. For example, if a load
cell has a natural frequency of 1kHz, its period of vibration is 10~s. This load
cell could then be used only for experiments that last over 10 times that amount,
e.g. 107°s.

Since the typical duration of a dynamic strength test for automotive joints is
within milliseconds, regular strain-gage load cells do not have sufficiently high
natural frequencies. Under these loading rates, a quartz piezoelectric device is
usually used. A quartz piezoelectric load cell is feasible because of its excellent
intrinsic frequency response and high fundamental vibrational frequency.
Piezoelectric transducers usually have natural frequency between 10kHz and
300kHz, though, as with any other force transducers, the system’s natural
frequency will be lower because of the unavoidable mass of necessary attached/
fixture components.

Another method to reduce ringing is to dampen the impact that initiates
deformation within the specimen. Often, a thin layer of soft, deformable material
placed between the impacting surfaces is sufficient to remove the higher
frequencies generated by the impact that can excite the natural frequency of the
load cell. This is a general practice when performing high rate tests on plastics.
Such layers, however, may complicate measurements of displacement within the
specimen. In addition, the desired strain rate level may also be compromised by
the use of this type of mechanical dampening mechanism.
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5.2.4 Fixture and load train design

The distance from the load cell to the deforming portion of the specimen must
satisfy certain conditions to ensure true load measurements. If the distance is too
long, the finite elastic wave travel time may result in load data that is not timely
coincident with strain data. To prevent phase lags from obscuring the experimental
data, the wave transit time from the specimen to the load cell should be negligibly
small compared with the test duration. Test specific fixtures should be designed to
achieve this.

In addition to the load cell natural frequency, the natural frequency of the entire
load train (including test fixtures) should also be checked out to make sure that its
response time is much faster than the specimen failure duration. A simple, empty
load frame natural frequency test can be performed by a hammer test in which an
impulse load from a hammer can be used to excite the load frame with load cell
and attached test fixtures. The free vibration responses can be recorded by the load
cell. If the natural frequency of the load train is too low in comparison with the
expected test duration, improvements need to be performed prior to tests. This can
usually be achieved by reducing the compliances of the load frame, increasing the
fixture stiffness, and reducing the fixture weight.

5.2.5 Lack of international and/or industry-wide standards

In addition to the above-discussed intrinsic issues related to dynamic base material
strength tests, it should be mentioned that currently there is no international or
industry-wide standard for determining the impact strength and performance of
welded or mechanically fastened joints. Owing to the lack of standards and
recommended practices, there is usually a large scatter of reported dynamic
strength for similar joints, and therefore some reluctance in using the reported
data. Major issues that prevent the wider use of dynamic joint strength data in
vehicle crashworthiness simulations include:

¢ 1o industry-wide calibration standards and practices;

® 1o standard on sample design;

e cach user must define application-specific test requirements;

¢ machine requirements for dynamic high rate testing are undefined;

e different machines and test-setup produce different results using similar
samples;

e data comparisons among different tests are risky and not generally
recommended.

Because of these issues, there is a lack of confidence in consolidating dynamic
strength data reported by different sources, and many resources could be saved by
providing the automotive manufacturers and suppliers with an industry-wide joint
dynamic strength testing procedure.
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5.3 Recommended joint dynamic strength
testing procedures

Since the most relevant strain rate to an automotive impact event lies in the
intermediate strain rate regime, servo-hydraulic test frames with high rate
actuators are used in the current experimental study. In order to evaluate
the dynamic joint strength of different joint populations under loading modes
similar to those examined earlier under quasi-static loading, two different fixture
and gripping systems were designed and machined for the dynamic tests; see
Fig. 5.2(a) and (b). These fixtures were designed such that they screw directly into
the load cell and thereon to the rest of the test frame. It also minimizes the distance
from the load cell to the joint such that accurate, in-phase joint force versus
displacement relationship can be captured for the test duration. The fixtures were
machined from titanium alloy to ensure light weight, high stiffness and therefore
high resonant frequency in the loading direction.

The load train’s free vibration natural frequency was checked prior to actual
tests using the hammer test. Since the typical response time of the samples is 1-2
milliseconds, the compliance of the load frame was adjusted prior to the tests such
that a sufficiently high natural frequency, with minimum value around 10kHz,

(@) (b)

5.2 Fixture designs for dynamic tests: (a) lap shear and coach peel
and (b) cross tension.
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was achieved. This ensures less ‘masking’ of the dynamic load measurement by
system ringing.

A piezoelectric load washer with 100kHz un-mounted natural frequency
was used for load measurement. The data acquisition frequency used was
300kHz. Displacement of the hydraulic ram was used as the displacement
measurement of the sample. Using the above-described fixtures, all the
dynamic tests were performed using a servo-controlled hydraulic testing
frame under two ram velocities: 4.47m/s (10mph) and 8.94m/s (20mph). All
dynamic load versus displacement data presented in this chapter are raw,
un-filtered results.

The SPR joint populations examined in this study are summarized in Table 5.2.
Materials ranging from AA5182-O to DP600 were joined with a common rivet
head with a diameter of 7.5mm in all the SPR populations. For the bonded
populations, the adhesive covered the entire overlap area of the joint samples; see
Fig. 5.1(a)—(c). The thickness of the adhesive layer was controlled by the glass
beads (0.25 mm diameter) in the adhesive material.

In order to allow the ram velocity build-up and to test the specimen at constant
velocity as specified, a slack adaptor was designed and machined to allow the ram
to travel freely for the first 12.7mm (0.5 inch) without loading the specimen.
Once the ram achieved the desired velocity level after the initial 12.7mm
(0.5 inch) of load-free travel, the slack adaptor engaged and loaded the specimen
with a step-function in velocity.” The monitored displacement versus time curve
for the ram was used to ensure the constant loading rate. No mechanical dampening
mechanism was used such that the tests can be considered as step-loading with
constant velocity.

Figure 5.3 shows the typical load and displacement versus time curves
for a cross tension joint in ID 7 under 8.94m/s (20mph) impact loading.
The constant slope of the displacement versus time curve from point ‘start’ to
point ‘end’ in Fig. 5.3 indicates that the actual ram velocity was constant
at around 8.5m/s (19mph) during the entire joint sample failure process. This
is a unique feature of the current joint strength testing procedure compared
with other dynamic joint strength measurements reported in the open literature.
For example, the displacement versus time curve depicted in Fig. 5 of Lin et al.’
indicates that, in the opening mode test (equivalent to cross tension here),
the specimen was initially loaded with very low initial velocity. The loading
velocity gradually built up to the desired level of 6.7m/s (15mph), but
then dropped significantly when load exceeded 4000N. At peak load, the
loading rate was only about 2.68 m/s (6 mph). This type of loading rate fluctuation
could be the source of variations in measured dynamic strength under different
‘desired’ loading rates. In addition, Fig. 5.3 indicates that much higher ringing
frequency was achieved prior to peak load; therefore no numerical filtering
was necessary to obtain the true joint strength under 8.94m/s (20 mph) impact
loading.

© Woodhead Publishing Limited, 2014



S'L 9€ 0¢C 0-Z8LG - 9L 009 dd 4ds €l
L09Y
S'L 9'¢ 9L 009 dd ajewelag moQ 0¢C 0-2815 4dS Vel
S'L 9€ 9L 009 da - 0¢C 0-28LS 4ds Tl
L09Y
S o€ 0¢C 0-28lS alewelsg moQ oL 0S€ V1SH dds Vil
gL 0€ 0¢ 0-28LG - oL 0S€ V1SH 4ds LL
L09Y
S’ 0¢ 0L 0SEVISH ajewelag moQ 0¢C 0-28L§ 4dS VoL
S'L 0¢ 0'L  0SEVISH - 0¢C 0-28LS 4ds ol
S’ v’ 0¢C 0-28L5 - A 8001 HdsS 6
S'L o€ 0¢C 0-28l5 - oL 0-28L5 4dS 8
(4dS) oAl
S'L 0P 0¢ 0-281§ - 0¢ 0-z8lLg Bujoiaid-yes L
(ww)
/MSHY 10} 8zIs sauoz
uoisnj} p|jam 1o AF_C.\: AEF;
HdS 10} J81owelp  SSaudolyl  Ssauyolyl |elialew (wuw) poylow
peay 18A1Yy jyoeis wollog wolog |elsolew a|ppIAl  ssauwyolyydol  |erelew doj Buiuiop aj wior

paipnis suone|ndod juiof sy jo Asewwng z°G a/qe|

NV ¥€:90:€ ¥T0Z ‘20 Areniged ‘Aepung

© Woodhead Publishing Limited, 2014



Sunday, February 02, 2014 3:06:34 AM

66 Self-piercing riveting

Cross tension —20mph

6.00E+03 120
400E+03 |  — Force 1110
= = Disp.

2.00E+03 - _.71100
= €
< Endly [* W n £
8 0.00E+03 : : S | 90 =
LE 0.0005 0.001 0.0015 0.002 9.0025 0.90 003! 04 K]
.- a

~2.00E+03 - P *S:’t at 80

—4.00E+03 | .-~ 70

~6.00E+03 60

Time (sec)

5.3 Typical force and displacement versus time curves for ID 7 at
8.94m/s (20mph) under cross tension loading.

It should be noted that with higher sample strength, a larger decrease from
empty-frame velocity to loaded ram velocity is possible. This decrease can be
compensated by carefully overshooting the initial empty-frame ram velocity. In
the test results presented in this study, the maximum allowed deviation from the
specified impact velocity to the actual loaded frame velocity is 5%. The results of
the dynamic strength tests for all the joints are obtained in the form of load versus
displacement curves using un-filtered load versus time and displacement versus
time data. In addition to the peak load and displacement at peak load for all the
joints, total energy absorption was also calculated by numerical integration.

5.4 Results and discussion

For each joint population, five replicate dynamic strength tests were conducted
under 4.47m/s (10mph) and 8.94m/s (20mph) ram velocity for each loading
configuration. The static and fatigue strength of the same joint populations have
been studied and reported elsewhere.”'® Table 5.3(a)~(c) list the mean and
standard deviation of joint strength (peak load) and energy absorption for quasi-
static (30 samples), 4.47m/s (10 mph) and 8.94 m/s (20 mph) dynamic tests under
three test configurations for all the joint populations. In all the dynamic results
presented here, the actual loaded frame velocities during deformation were
measured and ensured to be within 5% deviation from the specified impact
velocity.
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Note that no data filtering was performed on the dynamic load vs. displacement
curves, and peak load is used as joint strength in this study. This is based on
the ‘clean’, low-ringing quality of most dynamic data as shown in Figs 5.3, 5.5
and 5.6. It should be mentioned, though, that slightly higher magnitude of ringing
was observed for some dynamic lap shear samples under 8.94m/s (20 mph)
impact. This is due to the shorter response time of these samples (~0.5 msec)
compared with those for the cross tension and coach peel samples (~1-2 msec)
under dynamic loading. Since the load train has a ringing frequency at around
10kHz (limitation of the test frame used), more ringing induced oscillations were
recorded for the lap shear samples, particularly under the higher impact velocity
of 8.94m/s (20mph). For these samples, the oscillation magnitudes are within
15% of the peak loads.

Under dynamic loading, the strengths of most joint populations are higher
than their static counterparts, the only exceptions being the populations with
adhesive, i.e. 10 A, 11 A and 12 A under cross tension loading, and ID 13 under all
three loading conditions. Reasons for some of these inconsistencies will be
addressed below.

Moreover, the strength increase from quasi-static to 4.47 m/s (10 mph) is much
more significant than the strength increase from 4.47m/s (10mph) to 8.94m/s
(20mph). This is particularly true for the populations with steel as top or bottom
material, i.e. ID 9, ID 10 and ID 11, and it can be attributed to the higher strain rate
sensitivity of steel than AA5182-O. For example, the typical load versus
displacement curves for ID 11 (HSLA350/5182) are shown in Figs 5.4-5.6 for lap

Static—dynamic comparison
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5.4 Lap shear load versus displacement curves for ID 11 under three
testing velocities.
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Static—dynamic comparison
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5.5 Coach peel load versus displacement curves for ID 11 under three
testing velocities.

Static—dynamic comparison
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5.6 Cross tension load versus displacement curves for ID 11 under
three testing velocities.

© Woodhead Publishing Limited, 2014



Sunday, February 02, 2014 3:06:34 AM

72 Self-piercing riveting

shear, coach peel and cross tension loading conditions respectively. Under lap
shear loading, the riveted coupons’ failure mode is consistently complete rivet
head pull-out; see Fig. 5.7. Under cross tension loading, tail pull-out was
consistently observed in which the flared portion of the steel rivet tail pulled out
from the clinched portion of the tail side aluminum material; see Fig. 5.8. The
consistency of the lap shear and cross tension results can also be observed from
the standard deviations tabulated in Tables 5.3 (a) and (b). Since the strength of

5.7 Failure mode for ID 11 lap shear sample under 8.94m/s (20mph)
impact loading.

5.8 Failure mode for ID 11 coach peel sample under 8.94m/s (20mph)
impact loading.
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tail side aluminum alloy does not exhibit strong rate dependency, the measured
joint strength does not vary significantly from static to dynamic tests for the cases
with tail pull out modes; see Fig. 5.6. Under lap shear dynamic tests, however, the
rivet head also partially pulled out from the head side of the HSLA 350 material.
The observed dynamic rivet strength is slightly higher than the static one because
of the strain rate sensitivity of the head side steel material.

Under 8.94 m/s (20 mph) coach peel loading, the majority of the samples failed
in rivet head pull-out (see Fig. 5.9) and one failed in rivet tail pull-out mode. The
sample failed in tail pull-out had a much higher displacement to failure, leading to
the high standard deviation of energy absorption for ID11 under coach peel.

In addition to the influence on joint strength, higher loading rates also
influence the deformation modes of the joint samples, therefore rendering different
energy absorption levels. Figures 5.4 and 5.6 show that for joint ID 11, samples’
displacements to failure decrease with increasing loading rates. This conclusion is
generally true for most samples under lap shear and coach peel loading, and it
is also true for the comparisons of 8.94m/s (20mph) test with 4.47m/s (10 mph)
test under cross tension loading. Similar reduction of failure displacement with
increasing loading rate has been reported in Fig. 6 of Lin et al.” for opening mode
loading.

The static cross tension samples experience more membrane stiffening effects
than the dynamic samples due to the differences in fixture designs (see Figs 5.1(b)
and 5.2(b)). The dynamic samples tend to deform slightly at the bent corners prior

5.9 Failure mode for ID 11 cross tension sample under 8.94m/s
(20mph) impact loading.
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to final joint failure (see Fig. 5.10) therefore yielding slightly higher displacement
compared with the static one. Even so, the observations on loading rate effect still
hold true for the 4.47m/s (10mph) and 8.94m/s (20mph) data comparison in
Fig. 5.6.

The energy absorption levels under different loading rates depend on the area
under the load versus displacement curves. For joint ID 11 under lap shear, even
though higher loading rates offer higher joint strength, higher displacement to
failure for the lower loading rates still offers higher levels of total energy
absorption. For most of the populations studied, 8.94m/s (20 mph) tests provide
lower energy absorption than 4.47m/s (10mph) tests since the decreases in
displacements are much more significant than the increases in joint strength.

The apparent increase of joint samples’ ‘brittleness’ with increasing loading
rate is not generally observed in base metal behaviors under intermediate strain
rate tests for metallic materials.” Here, increased brittleness of the joint samples
can be attributed to the inertia effects of the joint sample geometry: slower tests
allow more time for the joint samples to deform before final failure occurs at the
joint region. The ductility of the joint samples, and therefore their corresponding
energy absorption levels under different loading rates, are primarily determined
by their global material behaviors rather than the joints themselves. Therefore,
caution should be exercised when utilizing results such as those listed in Table 5.3
in deriving any displacement, strain or energy-based failure criteria for vehicle
crash simulations.

For joint samples with adhesives, two distinct load peaks were obtained during
static and dynamic tests; see Fig. 5.11 for example. The first peak is the strength
of the adhesive and the second peak is the strength of the mechanical fastener.
Comparison of Figs 5.3 and 5.11 reveals that the secondary peak of the SPR
strength in ID 11A is very similar to the SPR strength without the adhesive layer

5.10 Sheet deformation for ID 11 cross tension sample under 8.94m/s
(20mph) impact loading
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Static—dynamic comparison
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5.11 Lap shear load versus displacement curves for ID 11A under
three testing velocities.

in ID 11; this is particularly true under static loading. This observation suggests
the de-coupling nature of the adhesively-bonded rivet samples. Moreover, the
initial peak load and energy absorption offered by the adhesive layer are much
higher than those offered by SPR only under lap shear loading. This is true for
both static and dynamic loading conditions. These results indicate that for joints
primarily designed to carry shear loading, the existence of SPR is not critical in its
strength and energy absorption capacity. In addition, the data in Table 5.3 suggest
that strain rate sensitivity for the adhesive layer under lap shear impact test is less
significant than those under cross tension and coach peel test. However, it is also
important to point out the high standard deviations on energy absorption for the
lap shear samples with adhesive. This is due to the large variation of displacement
to failure for the adhesively-bonded rivet samples under lap shear loading, and it
is true for both static and dynamic loading. These results suggest the need for
quality control of adhesive bonds to ensure their consistent energy absorption
capability.

It should also be mentioned that the cross tension strength comparison for
ID 11A indicates a huge drop of dynamic adhesive strength compared with the
static one; see Fig. 5.12. This is due to the coupon preparation process for the
dynamic samples. The U-shape dynamic cross tension samples were made
by bending up the free flanges of the pre-made, flat adhesively-bonded rivet
samples. Inadvertently, the bending operation caused some initial de-bonding at
the periphery of the adhesive layers. These results therefore indicate the high
sensitivity of bond strength to its edge conditions.
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Static—dynamic comparison
ID11A cross tension
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5.12 Cross tension load versus displacement curves for ID 11A under
three testing velocities.

5.5 Conclusions

In this chapter, the dynamic impact strength of various SPR joints for similar
and dissimilar metals is discussed. First, current dynamic testing practices in
different strain rate regimes are discussed and the generic issues with dynamic test
such as inertia effect, wave propagation effect and load cell ringing effects are
discussed. Ways to mitigate and minimize these effects are discussed. Then, the
testing procedures for carrying out the 4.47m/s (10 mph) and 8.94m/s (20 mph)
dynamic impact tests are presented. Using the described testing procedures,
‘clean’, un-filtered dynamic load versus displacement curves were obtained for
the sample populations. The comparison between static and dynamic strength for
the 13 joint populations are then presented in terms of peak joint strength and
energy absorption levels. Major findings regarding the dynamic joint performance
are as follows.

1. Ingeneral, joint strength increases with increasing loading rate. The percentage
of increase from quasi-static to 4.47m/s (10mph) is much higher than that
from 4.47m/s (10 mph) to 8.94m/s (20 mph).

2. The joint samples’ displacements to failure decrease with increasing loading
rates. This is true for lap shear and cross tension loadings where the same
sample designs were used for static and dynamic tests. For cross tension tests,
lower displacement to failure was observed for the quasi-static samples
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because of the membrane stiffening effects caused by the differences in
sample design.

Displacement, strain or energy-based joint failure criteria derived with
dynamic test data similar to the ones obtained in this study should be used
with caution in vehicle safety simulations unless total joint coupon deformation
is considered.

Application of structural adhesive dramatically increases the strength
and energy absorption levels of riveted joints under lap shear loading. Under
cross tension and coach peel loading, the percentages of strength and energy
increase are modest. However, more bond quality control is needed to ensure
consistent bond layer energy absorption.
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Abstract: Predicting the mechanical strength of self-piercing riveted structures
is of prime importance in industry. This chapter describes how numerical
simulation can be used to obtain accurate predictive results. First, it is
important to account for the mechanical history of the material resulting from
the SPR process as input data for the mechanical strength simulation. The use
of a coupled damage approach to account for the progressive mechanical
degradation of the materials’ properties is recommended. The materials’
properties and damage parameters have to be carefully identified. Inverse
analysis is an efficient methodology to obtain the materials’ parameters. Finally,
some finite element simulations are presented and validated with respect to
mechanical tests. The numerical approach presented here also enables the
equivalent elements that can be used at the structure scale to be defined.

Key words: self-piercing riveting, continuum damage mechanics, finite
element, fracture modes, equivalent element.

6.1 Introduction

Self-piercing riveting (SPR) is used extensively to join sheets of different types.
Numerical modelling of the mechanical strength of SPR joints is extremely
important from an industrial point of view in order to improve the design and to
lighten the weight of structures joined in this way. Despite the success of this
joining technique, improvements in the structural strength of SPR connections are
still mainly due to trial and error tests or procedures based on previous experience.

The application of finite element analysis to self-piercing riveting is relatively
new. The first simulations dealing with the mechanical strength of SPR connections
were proposed in 2002 by Westerberg (Westerberg 2002). These simulations
dealt with the dynamic behaviour of riveted connections using Abaqus-
explicit. Chengui (Chergui 2004) modelled the fatigue and static behaviour of
riveted structures. The main drawback of these studies was that the mechanical
history of the materials during the SPR process was not used as input data.
Geometries used for simulations were obtained from SPR specimens as shown
in Fig. 6.1.

79
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6.1 Geometrical definition of the SPR connection based on an
experimental cut.

Between 2005 and 2008, numerical simulations of the SPR mechanical strength
that accounted for the materials’ mechanical history were published by many
authors (Bouchard and Lasne 2004; Gardstam 2006; Porcaro et al. 2006; Bouchard
et al. 2008; Fayolle 2008). These studies show that it is essential to account for
this mechanical history in order to obtain predictive computations of quasi-static
mechanical tests on SPR connections. Plastic strain, residual stresses and damage
are the main parameters influencing SPR mechanical strength. They have to be
computed during an SPR process simulation and need to be used as inputs for
SPR strength simulations.

In this chapter the methodology to perform accurate computations of SPR
mechanical tests is presented. First a specific mechanical test device that can deal
with complex quasi-static loadings on an SPR specimen is presented. This test can
be used to load the connection from pure shearing to pure tension. Special attention
is then paid to identifying the material behaviour. The study of the mechanical
strength of an SPR connection means that both sheets and rivets can undergo high
plastic deformation as well as damage growth and fracture. Finally, numerical
simulations of the mechanical strength of SPR connections are presented. The
final results are compared and validated with experimental data.

6.2 Mechanical strength of a self-piercing riveting
(SPR) structure

6.2.1 The ARCAN test device

Depending on the application, SPR connections can be subjected to quasi-static,
dynamic or cyclic loadings. We focus here on quasi-static loading. The study of
the quasi-static mechanical strength of an SPR connection requires the use of a
mechanical test that enables the loading of the connection from pure shearing to
pure tension. The ARCAN test device (Fig. 6.2(a)) is particularly suitable for
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(b)
6.2 (a) ARCAN test and (b) cross-shaped specimen.

mixing and controlling tensile and shear loadings on a riveted cross-shaped
specimen. This mechanical device, which was originally designed for fibre-
composite materials (Arcan et al. 1978; Banks-Sills et al. 1984), was then used for
many other applications, such as mixed mode fracture mechanics (Sutton et al.
2000) or mechanical testing of joined materials (Langrand and Combescure
2004). The use of a cross-shaped specimen (Fig. 6.2(b)) facilitates the positioning
and loading of the SPR connection in the ARCAN test.

Figure 6.3 shows the classical behaviour of an SPR connection submitted to
pure shearing (0°), pure tension (90°) or mixed mode loading (45° and 60°). The
mechanical strength of such a joined connection is much better for pure shear than

s

0 : . y : i L )
0 2 4 6 8 10 12 14

Displacement (mm)

6.3 Load-displacement curves obtained from pure shearing (0°), pure
tension (90°) and mixed loading (45°, 60°) mechanical tests.
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for pure tension. This is the reason why such mechanical connections are used in
shear-loaded areas in the automotive and aeronautic industry.

6.2.2 Equivalent element

From experimental curves, it is possible to define a simple failure criterion of the
joint. Indeed, the angle 6 between the axis of revolution of the rivet and the line
of load application of the cross-piece defines the ratio between the normal force N
and the shearing force S (Fig. 6.4). The total effort applied during the mechanical
test (noted F) is split into two terms:

N(6) = F cos(6) [6.1]

S(6) = F sin(6) [6.2]

The expression of the failure criterion of the connection can be expressed by:

NY (s
(N—“) (—) o

The shearing and tensile forces are respectively normalized with respect to the
maximum normal force N, (measured at 0°) and the maximum shearing force S,
(measured at 90°). Such a failure criterion is extremely important within the

Y2 specimen

Rivet

6.4 Decomposition of forces on the joint in a normal and a tangential
component.
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6.5 Experimental failure criterion of a SPR joint.

framework of the definition of an equivalent element that can be used at a structure
scale (Langrand et al. 2003). Figure 6.5 shows an example of a failure criterion
obtained for a riveted joint.

6.2.3 Failure modes

Depending on the loading conditions, different failure modes are obtained. Three
different failure modes were obtained for pure shear loading:

Failure mode s1: rotation of the rivet and top sheet failure. The rivet rotates,
generating a high level of deformations and damage in the top sheet. Finally,
the top sheet breaks and leaves a part of its material wedged between the rivet
and the lower sheet (Fig. 6.6).

Failure mode s2: rotation and pull-out of the rivet from the bottom sheet. The
rivet starts to rotate in the lower sheet. The rivet generates high deformations
and damage in the top sheet. However, the rivet pulls out of the bottom sheet
before the complete rupture of the top sheet (Fig. 6.7).

Failure mode s3: shearing of the lower sheet. This mode of rupture appears
when the stiffness of the top sheet is higher than that of the lower sheet. The
rivet remains stuck in the top sheet and shearing appears in the bottom sheet,
generating a rupture of the joint (Fig. 6.8).

Under tensile loading, two main failure modes can be observed:

Failure mode t1: rupture of the top sheet. The hole in the top sheet generated
during the riveting process expands under the head of the rivet when the load is
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applied. Cracks appear following the direction of loading. Once the hole is
sufficiently wide the top sheet is no longer connected to the bottom one (Fig. 6.9).

e Failure mode t2: pull-out of the rivet from the bottom sheet. This failure mode
appears when the top sheet is more rigid than the lower sheet or when the rivet
has not expanded enough during its set up (the thickness of the sheets to be
joined is more important than the length of the rivet). The rivet is then pulled
out by the top sheet from the bottom sheet (Fig. 6.10).

The failure modes of the riveted samples under mixed loading conditions are a
combination of the previous failure modes. Figures 6.11 and 6.12 show some
examples.

Top sheet Lower sheet Failure zone

6.6 Failure mode s1 for shear loading.

Top sheet Lower sheet Failure zone

6.7 Failure mode s2 for shear loading.

Top sheet Lower sheet Failure zone

6.8 Failure mode s3 for shear loading.
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Top sheet Lower sheet Failure zone

6.9 Failure mode t1 for tensile loading.

Top sheet Lower sheet Failure zone

6.10 Failure mode t2 for tensile loading.

Top sheet Lower sheet Failure zone

6.11 Combination of failure modes s1 and t1 for mixed loading
conditions.

Top sheet Lower sheet Failure zone

6.12 Combination of failure modes s3 and t2 for mixed loading
conditions.
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In some cases, in particular for cyclic loadings, the rivet can break, inducing a
fracture of the connection (Sun ef al. 2007).

6.3 Mechanical behaviour and damage analysis

The accuracy of the numerical simulation relies on the accuracy of the mechanical
behaviour of the sheets and the rivet. Usually, materials used for such applications
(steel or aluminium sheets, rivets) present elastic—plastic behaviour. The strain
rate has a minor influence on the mechanical behaviour and can be neglected. In
order to model the progressive failure of the SPR connection, a continuum damage
mechanics approach can be used. An improved Lemaitre damage model is used
here to account for the progressive damage growth during the simulation. Damage
is coupled with the elastic—plastic behaviour law so that the progressive softening
of the mechanical behaviour is taken into account. Finally, the identification of the
materials’ parameters is also an important issue. An inverse analysis methodology
is presented here to identify these mechanical and damage parameters.

6.3.1 Elastic—plastic behaviour

Materials joined using self-piercing riveting are usually steels (sheets and rivets)
and aluminium alloys. Under limited plastic deformation, these materials exhibit
an elastic—plastic behaviour that can be represented using the set of equations
presented below.

The strain rate tensor is split into an elastic part €° and a plastic part "

1/(= ERV;
s‘=s‘°+é"=—(V\7+ Vv ) 6.4
S|V +(V9) [6.4]
where V is the velocity vector.
The elastic behaviour is given by Hooke’s law:
o =2ue + Atr(e)l [6.5]

where u and A are the Lamé constants and I is the unit second order tensor.
The yield function is given by the von Mises criterion:

fle;r)=1(6) =0, (r)<0 [6.6]

where J (o) is the second deviatoric stress invariant, J,(0)= \/3s:s/ 2 in which s is
the deviatoric stress tensor and o,(r) is the isotropic hardening law given by the
Swift law:

o,(r)=K(r+r)" [6.7]

where K is the consistency of the material, 7 is the isotropic hardening exponent,
r the hardening variable related to the equivalent plastic strain and r, is a
regularization parameter, which can also be used to define the initial yield stress.
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The plastic strain rate is given by the associated flow rule:

b _ -i= 3 s
¢ Aao 2J2(0) [6.8]

where A is the plastic multiplier. The loading/unloading criterion is defined
through the usual Kuhn—Tucker conditions:

A>0,/<0,Af=0 [6.9]

Remark: Isotropic behaviour with a linear hardening law is usually considered
for reasons of simplicity. However, as a result of the sheet manufacturing processes
(rolling) and the anisotropic behaviour, the use of a kinematic hardening law
would be more appropriate.

6.3.2 Damage model

When large plastic deformation occurs, it is necessary to use a damage approach
to model the progressive mechanical degradation of the material properties.
Several damage models have been proposed in the literature. Some of these
models compute the damage parameter as the integral of a function over the
plastic strain history. This function depends on mechanical parameters such as the
maximum principal stress or the stress triaxiality ratio (Cockcroft and Latham
1968; McClintock 1968; Rice and Tracey 1969; Oyane et al. 1980). As there is no
coupling between the damage variable and the behaviour law, the damage analysis
is limited to simple mechanical loadings, and the progressive softening of the
materials cannot be modelled. More recently, new ductile failure criteria were
introduced by Wierzbicki and co-workers (Wierzbicki et al. 2005; Bai and
Wierbicki 2008). These criteria consist in defining a plastic strain at fracture,
which is a function of the stress state. This stress state is defined using both the
stress triaxiality ratio and the Lode angle parameter.

Coupled damage models are more suitable for complex loadings since damage
and mechanical properties are directly coupled, so the material fracture process is
modelled by a progressive decrease of the global response of the structure. The
damage model of Tvergaard and Needleman (Tvergaard and Needleman 1984),
based on the initial model introduced by Gurson (Gurson 1977), accounts for
micromechanical damage mechanisms such as nucleation, growth and coalescence
of micro-voids (Fig. 6.13). The continuum damage approach (Kachanov 1958;
Chaboche 1989; Lemaitre 1996) defines the notion of effective stress, which
represents the actual stress transmitted by the bulk material between the
microdefects. Unlike uncoupled approaches, coupled damage models are more
difficult to implement in numerical software. However, these models are closer to
the physical damage phenomenon and give a better representation of the
progressive damage evolution within the material progressively leading to
fracture.
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6.13 Load-displacement curve and microstructural damage
mechanisms.

In order to deal with damage, a coupled Lemaitre damage model is used here
(Lemaitre 1996; Lemaitre and Desmorat 2005). The damage variable, based on
the strain equivalence hypothesis, represents the average material degradation.
Damage and hardening are assumed to be isotropic, with a single mechanism
governed by the increase in the accumulated plastic strain. The Lemaitre model is
based on the concept of the effective stress tensor & given by:

="2_ [6.10]
1-D
in which D is the internal isotropic damage variable (D =0 in the undamaged
material and D =1 corresponds to fracture). The constitutive relations of the
damaged material are derived from those of the undamaged material. The stress,
yield function and plastic strain are then expressed as:

o=(1—D)(2uee+Atr(se)I) [6.11]
f(o.r.D)= le_((;) ~0,(r)=0 [6.12]
P i=L§ s

¥4 1-D21,(o) [6-13]

The damage evolution law is given by:

i(rY
=S(S_0) [6.14]
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where S, b are materials damage parameters and Y is the damage strain energy
release rate given by:

—ﬂzl+v +3(1-2v -Lz 6.15
v ELa i vy [6.15]

where p is the hydrostatic pressure, p = — t(0/3, E is Young’s modulus and v is
the Poisson ratio. The ratio — p/J () is the triaxiality of the stress tensor. The
triaxiality characterizes the local state of stress (tensile, shearing or compressive
state) and is one of the most important parameters in the study of damage growth.
Two other parameters are used here: &, which is the equivalent plastic strain at
which damage initiation takes place, and D, which is the critical damage value
leading to fracture.

The model presented above is able to predict damage growth with reasonable
accuracy. However, one important aspect of damage growth is not considered in
Eqgs 6.14 and 6.15. In fact, there is no distinction between damage growth for
tensile and compressive states. Such a distinction is necessary since voids and
micro-cracks that initiate during the tensile stages tend to partially close during
the compressive stages. This partial closure induces an increase in the local
stiffness of the material. Furthermore, the damage rate under compressive
mechanical states is also lower than for tensile states.

This phenomenon is called the crack closure effect. One way to account for
crack closure effects is to split the stress tensor into a tensile part and a compressive
part. Moreover, a regularization parameter / is used to minimize damage evolution
for compressive mechanical states. For more details, the reader is referred to
previous work by Ladeveéze (Ladeveéze 1983; Ladeveéze and Lemaitre 1984).
Some extensions of this model that are dedicated to manufacturing processes can
also be found in (Bouchard ez al. 2011).

6.3.3 Parameters identification

The identification of the behaviour and damage parameters is a critical stage in
obtaining predictive results. For the modelling of the strength of SPR, elastic,
hardening and damage parameters have to be identified. A first approach consists in
identifying these parameters with classical mechanical tests. The elastic and plastic
parameters can be obtained through a classical uniaxial tensile test. However,
damage parameters are harder to identify. A wide range of direct and indirect
damage measurement techniques can be found in (Lemaitre and Desmorat 2005).
Another well-known method consists of identifying rheological parameters
using an inverse analysis technique. The identification procedure is based on the
comparison between experimental and numerical data (or observables) and a
minimization algorithm. The observables used can all be data recorded during a
mechanical test such as a load—displacement curve, strain field, etc. The cost
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function is defined as the difference between the experimental and the numerical
observables. The minimization algorithm modifies the materials’ numerical
parameters in order to minimize the cost function.

Two common classes of optimization algorithms can be found in the literature:

1. gradient-based methods in which the gradient of the cost function is used to
minimize the cost function and define a new set of material parameters;

2. genetic or evolution strategy algorithms: these algorithms are based on the
creation of a population of individuals that correspond to the set of parameters
that have to be identified. The evolution of this population towards the final
result is based on the natural evolution phenomenon, through selection,
recombination and mutation rules. An application of such algorithms to
identify materials parameters can be found in (Peyrot et al. 2009).

In (Fayolle et al. 2007), an automatic inverse analysis procedure enables the
identification of materials’ parameters based on experimental load—displacement
curves. This identification software runs the finite element software automatically,
and iteratively modifies the materials’ parameters in order to match experimental
results. The minimization technique is based on an evolutionary strategy algorithm
(Béck et al. 1997).

Owing to the large number of unknown parameters, the identification is made
in two steps. First the isotropic hardening law is identified on the first part of the
load displacement curve, i.e. before softening occurs. Then the damage parameters
are determined on the rest of the curve.

The experimental data can be provided using different mechanical tests. For
metal sheets, tensile tests on plate specimens are generally used because damage
has a direct effect on the tensile load—displacement curve. However, the stress state
in the damaged area of a tensile specimen (high positive stress triaxiality ratio) does
not really correspond to the stress state of the damaged area that develops during
the SPR process. Blanking tests give a closer stress state within the sheet (shearing),
but load—displacement curves are more sensitive to the experimental conditions
(punch wear, friction, clearance between the punch and the tools). This sensitivity
is problematic since inverse analysis is based on these experimental curves.
Figure 6.14 shows the load—displacement curves obtained using a tensile test
(Fig. 6.14(a)) or an indentation test (Fig. 6.14(b)) for a 5754-O aluminium alloy.

The rivet used here is made of boron high-strength steel. Prediction of the
behaviour of the rivet material is trickier. This difficulty is a result of a combination
of several factors. First, the rivet has a complex geometry and a simple test, such
as the uniaxial tensile test for sheets, is not possible. Moreover, the size of the rivets
is very small. Finally, the rivets are manufactured in several cold forging steps that
generate internal residual stresses and strains. The manufacturing process may also
involve various heat-treatments. For more accuracy, it would therefore be necessary
to take into account the thermomechanical history of the rivet-forming process.
This would enable one to get a correct initial stress and strain state for the rivet.
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6.14 Aluminium 5754-0 load-displacement curves for materials

parameters identification: (a) tensile test, (b) indentation test.
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In order to overcome these difficulties, two specific mechanical tests can be
used. The first test is a flare test as shown in Fig. 6.15(b). This test has the
advantage of reproducing the strain path undergone by the rivet during the SPR
process. However, this promising test may lead to non-reproducible results and is
hardly usable for inverse analysis. The second test is a compression test of a
cylinder cut in the shank of the rivet (Fig. 6.15(a)). This test was proposed by
Porcaro and co-workers (Porcaro ef al. 2006). The main advantage of this test is
the simplicity of the experimental procedure and the straightforward numerical
simulation. Tables 6.1 and 6.2 summarize the identified parameters of the
hardening law and damage model for the materials used here.
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6.15 Identification of rivets' mechanical properties: (a) compression

test, (b) flare test.

Table 6.1 Identified elastic—plastic parameters

2

25

E (GPa) K (MPa) n r, (%)
Aluminum alloy 64 477.02 0.327 0.84
Steel sheet 210 650.63 0.302 1.69
Rivet 190 2400 0.197 5.69
Table 6.2 ldentified damage parameters
£, S, (MPa) b D,
Aluminum alloy 0.195 3.9 1 0.44
Steel sheet 0.202 3.1 2 0.6
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6.4 Numerical modelling

The modelling of the mechanical strength of SPR joints is performed using a
3D finite element model. The software accounts for 3D contact, large plastic
deformation, damage and fracture.

6.4.1 The mechanical problem

In order to describe the kinematics, an updated Lagrangian formulation is used.
Between incremental time steps, the assumption of small strain and rotation is
made.

For a solid, QER’, the strong form of the mechanical problem to be solved is
defined by the set of the following local balance equations and its associated
boundary conditions:

Vy=- + ~p [6.16]

where « is the hydrostatic modulus. The terms ¥, and 7, represent the boundary
conditions in terms of velocity and normal stresses, and are applied respectively
to 02 and 0Q2, (0Q =0Q U 0Q).

For simplification, the boundary conditions related to free surfaces or related to
contact and friction conditions are not taken into account in this formulation. The
volumetric forces are also neglected. The weak form of the problem is written
here in a mixed velocity/pressure formulation.

Jo s(9):6(v")da- [, pV5'd@- [, 7,5 dr =0
Hs-—2 D laaco 6.17
INARE -0) K(l_D)zp [6.17]

V(ﬁ*,p*)EVoxP

in which v* and p* are respectively a kinematically acceptable velocity vector and
a pressure field defined in the spaces ¥’ and P. A unique solution exists for this
problem and it is obtained under the conditions of Brezzi’s theorem, which raises the
inf-sup condition for stability. For the quasi-compressible equation, the demonstration
of this condition is given by Brezzi and Fortin (Brezzi and Fortin 1991).

This system of equations is solved using the finite element method. Mixed
velocity/pressure P1 +/P1 tetrahedral finite elements are used here. The
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Pressure Velocity

6.16 Degrees of freedom for P1 + /P1 tetrahedral elements.

particularity of this type of element is the addition of an additional velocity degree
of freedom at the centre of the element (called bubble) in order to satisfy the
stability condition (Fig. 6.16).

Contact conditions are based on a penalty formulation together with a master—
slave approach. The friction law is introduced in the formulation [6.16] through a
new boundary condition (Chenot et al. 2002). The friction behaviour is described
here using a limited Coulomb friction law. A friction coefficient u defines the
relation between the shear stress vector and the sliding vector. Table 6.3 shows the
values of the friction coefficient between the different parts of the connection.
These coefficients are the same as those used in SPR process simulations.

Once damage reaches the critical value, the fracture behaviour has to be
modelled. This may be done using either a crack propagation modelling (Bouchard
et al. 2000; Bouchard ef al. 2003) or the so-called ‘kill-element’ technique. When
the damage parameter reaches a critical value inside an element of the mesh, the
mechanical contribution of the element to the stiffness matrix is first set to zero in
the current resolution and the element is then deleted from the mesh in the
following time iteration.

6.4.2 Transfer of the SPR process solution as an input for
the 3D numerical modelling of the structural analysis

Owing to their geometries and tools kinematics, numerical simulations of the self-
piercing riveting process are often conducted using a 2D axi-symmetric numerical
model. However a 3D geometry is required to perform structural analysis tests.

Table 6.3 Friction coefficients between the different parts

Part 1 Part 2 Friction
coefficient

Rivet Upper sheet 0.2

Rivet Lower sheet 0.12

Upper sheet Lower sheet 0.12
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Revolution and transportation
of mechanical fields

Cutting

Y

3D numerical model

6.17 Creation of the 3D numerical model from the 2D axi-symmetrical
results of the SPR process simulation.

The creation of the 3D numerical model is performed in three steps using the final
geometries and the mechanical state obtained from the SPR process simulation
(Fig. 6.17).

First, a 3D geometry is extrapolated from the 2D geometry using a simple
revolution. Then a new mesh is generated and the mechanical fields (residual
strains, residual stresses, damage, etc.) are transported using an interpolation
technique. To finish, 3D circular meshes are cut to obtain a rectangular numerical
specimen closest to the experimental geometry. Only the contact area between the
two sheets is represented here and the Arcan type device is modelled as a rigid
body.

6.4.3 Study of the numerical model
Influence of mesh size

In order to study the influence of the spatial discretization on the results, two
different configurations were tested. The first configuration uses a mesh with an
average size of 0.25 mm in the area close to the rivet. The second mesh has an
average mesh size of 0.5 mm in the same zones (Fig. 6.18).

The results are presented in terms of load—displacement curves from a tensile
mechanical test (Fig. 6.19). They show that the mesh size has a small influence on
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6.18 Two different spatial discretizations.
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6.19 Mesh size influence on the load-displacement curve for a tensile
test.

the results for the two studied meshes. Indeed, the size of the mesh plays a role
only on the oscillation sizes, which appear on the load—displacement response
curve. These oscillations were identified as being due to the remeshing steps,
which occur during the simulation.

Influence of SPR process history

As mentioned above, it is extremely important to account for the mechanical
history of the sheets in order to improve the accuracy of the mechanical strength
computation. In order to characterize the influence of the mechanical history on
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6.20 Influence of the mechanical history on the mechanical strength
simulations.

the mechanical strength of a joining point, a comparison is carried out using the
load—displacement curves obtained considering the residual stress, plastic
deformation and damage. Two simulations of pure traction (0°) are prepared with
the following configuration: a 1 mm thick steel sheet riveted with a 2 mm thick
aluminium alloy sheet by using a 5 mm diameter steel rivet. Comparisons
are made taking into consideration one simulation with the transfer of all
the mechanical fields and the other one without transfer. Figure 6.20 shows the
load—displacement curves calculated for these two simulations. As can be
observed, the mechanical transfer of the fields has a significant effect. Indeed,
without accounting for the mechanical history, the joined structure has a less
stiff behaviour. This is in agreement with what is presented in the literature.
It is thus important to be able to model the stage of the riveting process correctly
in order to be able to predict the mechanical strength of the joining point
correctly.

Influence of damage

In addition to residual stresses, the computation of damage growth during the SPR
process has a clear impact on the computation of the mechanical strength. Two
simulations are compared here in order to underline the importance of damage
computation. Both simulations include the SPR process simulation and the
mechanical strength simulation. In the first simulation, damage is not taken
into account whereas, in the second simulation, damage is coupled with the
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6.21 Influence of damage on the load-displacement curve of a tensile
test.

elastic—plastic mechanical behaviour of the materials. Figure 6.21 shows a
comparison of the two calculated load—displacement curves with respect to
the experimental one. It clearly shows that it is important to take into account
the behaviour—damage coupling in order to predict correctly the connection
strength. Indeed, the damage softens the behaviour of the materials and
consequently decreases the force necessary for the final failure of the SPR
connection.

With regard to the failure mode, the use of this coupled damage model with the
‘kill-element’ technique allows the simulation of the fracture process of the sheets
during the mechanical strength tests (Fig. 6.22). It is obvious that, without a
damage model, it is more difficult to model the failure mode of the riveted joint
correctly.

+

W a . _aw

6.22 Examples of calculated failure modes.
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6.4.4 Numerical results and validation

The validation of the numerical model is based on the load—displacement curves
and the failure mode analysis.

Load—displacement curves

Figure 6.23 represents the superimposition of the load—displacement curves
obtained from experiments and those obtained by numerical calculations.
Whatever the loading conditions — 0° (pure traction), 45° (mixed mode) or 90°
(pure shearing) — the numerical model gives excellent results with a good
correlation between the numerical and the experimental curves.

The most important difference is observed for the mixed loading. This difference
may have several origins including the following.

1. The rigidity of the mechanical facility has to be considered.
The high level of stress may lead to a deflection of the machine that is not
taken into account in the numerical model.

3. The cross-shaped specimen may slide in the Arcan device.

4. The failure mode is complex and the kill-element method is not precise
enough to represent it.

The comparisons of the experimental and calculated ultimate efforts show that the
numerical model gives excellent results (Table 6.4). Indeed, the maximum
variation noted for the mixed loading is below 7%.

Failure modes

The second observable used to validate the results of numerical simulations is the
failure mode of the riveted points. Figure 6.24 recapitulates the calculated and
observed failure modes for the tensile loading (0°). There is a good correlation
between the numerical prediction and the experimental observation. Indeed, the
failure mode is characterized by the fact that the rivet remains in the lower sheet,
and that cracks initiate and propagate around the hole in the upper sheet.

Figure 6.25 illustrates the fracture mode for a mixed load (45°) configuration.
This failure mode is close to that observed in traction, except that there is a
rotation of the rivet before failure. The rivet remains in the lower sheet and the
higher sheet is torn without breaking completely. We can see that the numerical
model reproduces the rupture of the upper sheet with extreme accuracy.

Finally, Fig. 6.26 illustrates the comparison of the mode of rupture, calculated and
observed, in experiments for a pure shear loading (90°). The rivet remains in the
lower sheet and the higher sheet fractures, while leaving matter under the head of the
rivet. As for the load—displacement curves, an excellent correlation on the modes of
rupture is obtained. The numerical model is thus predictive of the fracture topography.
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6.23 Comparisons of experimental and numerical load-displacement
curves for different loading directions.
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Table 6.4 Measured and calculated ultimate forces

Loading Measured Calculated Variation (%)
ultimate load ultimate force
kN kN

0° 1.79 1.81 1.1

45° 2.36 2.21 6.4

90° 4.16 4.21 1.2
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6.24 Calculated and observed failure modes and damage field for
tensile loading (0°).
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6.25 Calculated and observed failure modes and damage field for
mixed loading (45°).
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6.26 Calculated and observed failure modes and damage field for
shear loading (90°).

The fracture criterion

One of the goals of such a 3D numerical approach is often to define a fracture
criterion of the assembly. This information could be integrated at the level of an
equivalent element. This element is an approximate, simple and cheap element
that replaces the exact modelling of a joined connection. The experimental and
numerical rupture criteria (Fig. 6.27) were superimposed. As can be observed, the
two criteria are extremely close. Moreover, the value of the numerical criterion is
below that of the experimental one. Consequently, the numerical criterion is more
restrictive than the experimental criterion. This is interesting from a dimensioning
point of view in structural analysis.

1.27 o Experimental points
- Experimental failure criteria
{ + Numerical points
.................................. — Numerical failure criteria
081 N
0 0.6
[9)
0.41
0.21
0 ‘ . ‘ . s
0 0.2 0.4 0.6 0.8 1 1.2

N/N

u

6.27 Comparisons of numerical and experimental failure criteria.
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Optimization of the lower die geometry

The performance of the mechanical strength of a self-piercing riveted joint
depends on a great number of parameters. These parameters can be geometrical
(lower die, rivet, etc.) or related to the riveting process (blank holder load, velocity
and load of the punch, etc.) (Fu and Mallik 2001; Han ez al. 2005). In order to test
the ability of the numerical model, an optimization of the geometry of the lower
die is presented. For a certain number of riveting configurations, the lower tool is
not entirely filled fully by the material of the lower sheet at the end of the riveting
process. The optimization proposed here consists of modifying the geometry of
the lower die to improve the mechanical strength of the SPR connection. The
assumption made here is that complete filling of the lower die would increase the
compressive residual stresses and consequently the final mechanical strength.
After several optimization iterations, the lower die is entirely filled by the bottom
sheet during the riveting process. Figure 6.28 illustrates the initial and optimized
geometries of the lower die. The comparison of the mechanical strength of the two
assemblies is carried out using a shear test. Figure 6.29 shows that the riveted

Optimized geometry

\
.

6.28 Initial and optimized geometries of the lower die.

Initial geometry

4 7 — Initial lower die
~~~~~~~ Optimized lower die
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6.29 Load-displacement curves on a shearing test for the initial and
optimized lower dies.
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6.30 Load-displacement curves of the riveting process for the initial
and optimized lower dies.

joint with the optimized lower tool geometry has an improved shearing behaviour
compared with riveting with the standard die. However, it must be noted that this
modification also induces a significant increase in terms of the load required to
form the SPR connection (Fig. 6.30). This load increase can influence not only the
lifetime of the tools, but also the life of the press.

This simple example shows that it is possible to optimize the geometry of the
lower tool to increase the mechanical strength of a riveted assembly. However,
this modification of the geometry led to an increase in the load necessary to form
the self-piercing rivet. Users thus have to make a compromise between the loading
process (and thus the lifetime of the tools and the press) and the performance of
the joint. In this particular case, this optimization was carried out manually and it
was necessary, between each simulation, to sketch a new geometry for the lower
die. Such optimization methodologies should be performed automatically, based
on automatic optimization algorithms (Peyrot et al. 2009). Such an automatic
optimization strategy was used successfully in (Roux and Bouchard 2013) to
optimize the final strength of a clinched structure by modifying the clinching
process tools geometry.

Optimization of other riveting parameters is not presented here. However, the
developed numerical tool can be used to study the influence of: the blank holder

load, the press kinematics, rivets geometry, etc.
6.5 Conclusions and future trends

One of the most important aspects of the numerical modelling of the mechanical
strength of an SPR point is the need to use the results of the self-piercing riveting
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process as an input for the numerical modelling of the structural analysis. It is
shown here that if the mechanical history is not taken into account, there can be
more than 50% error in the calculated strength of riveted structures.

The second main aspect to model the mechanical strength of an SPR joint
efficiently is the use of a coupled elastic—plastic damageable behaviour. Indeed, if
damage—behaviour coupling is not used in the numerical model, it is not possible to
reproduce the progressive softening of the material due to damage. This leads to an
overestimation of the mechanical strength. Moreover, the correct prediction of the
failure modes of the joint is directly related to the robustness of the damage model.

Based on this virtual chain of numerical simulations (joining process and structural
analysis), it is shown that one can optimize the strength of the SPR structure by
modifying the geometry of the tools used during the joining process. From an
industrial point of view, the automatic optimization of the whole chain of simulations
represents a real gain of time, together with SPR increased mechanical properties.

During the design stage of a whole structure, it is not realistic to model each 3D
SPR connection. The results obtained on the mechanical strength of the SPR
joints for different directions can be used to define a structural equivalent element.
An SPR connector can be created so that the degrees of freedom of the connector
would represent the mechanical strength of the SPR joint for each direction.
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for self-piercing riveting (SPR)
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Abstract: High strength steel and aluminium alloy sheets were joined by
self-piercing riveting. Die geometry was optimised to attain proper joints and
the joining range for the high strength steel and the aluminium alloy sheets was
shown. In addition, the finite element simulation of self-piercing riveting was
effective in designing the process. Finally, future trends of self-piercing riveting
were given.

Key words: self-piercing riveting, high strength steel sheets, aluminium alloy
sheet, interlock, die geometry.

71 Introduction

Reducing the weight of automobile parts is a common method of improving
automobile fuel consumption. High strength steel and aluminium alloy sheets
with high specific strengths are attractive materials for weight reduction (Lai and
Brun 2007). It is not easy to weld aluminium alloy sheets because of their
high thermal conductivity, low melting point, natural surface oxide layer, etc. To
solve these problems, self-piercing riveting has been developed as a cold joining
process for sheet metals. In this joining process, the sheets are mechanically
interlocked without metallurgical bonding by controlling plastic deformation.
Because this is a cold process, the thermal properties of aluminium alloy sheet are
not a problem.

Self-piercing riveting without heating has the following advantages in
comparison with techniques such as resistance spot welding:

e Highly dissimilar materials may be joined
e Improved environmental safety

e Short joining times

e High reliability of joints

e Long tool life

e Simple equipment requirements.

In addition, self-piercing riveting produces a higher strength joint and is cheaper
than conventional riveting that requires pre-drilling. The disadvantages of the two
processes are as follows:

M
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There is a need for access from both sides of the joint with a punch and die.
An appropriate ductility of the sheets is required.

Bulges and indents in the joint can occur.

A relatively large joining force is required.

7.2  How self-piercing riveting (SPR) joins materials

Self-piercing riveting is a cold process for joining two or more sheets by directly
piercing the sheets with a tubular rivet without a pre-drilled hole, as shown in
Fig. 7.1. In this riveting, the sheets are joined by driving the rivet through the
upper sheet and flaring the skirt of the rivet in the lower sheet. The upper and
lower sheets are joined by the interlock between the lower sheet and the flared
skirt of the rivet, hooking the lower sheet on the flared skirt. Successful joining of
sheets in self-piercing riveting requires:

e driving the rivet skirt through the upper sheet;
e achieving an interlock formation by flaring the rivet skirt into the lower sheet;
® no fracture of the lower sheet.

When the rivet skirt is not driven though the upper sheet, the sheets do not join, as
the rivet skirt does not penetrate into the lower sheet. Sheet fracture leads to
corrosion. To avoid this, plastic deformation of the sheets and rivet is controlled.
The shapes of the rivet and die are changed according to the thickness, strength,
ductility, combination, etc. of the sheets. The rivet must be strong enough to
pierce the sheets, and ductile enough for the skirt to flare into the lower sheet.
The rivets are mostly made of boron steel for high strength, with a measured
hardness ranging between 400 and 530 HV. The rivet strength needs to be

Punch
Sheet . ﬂ
holder Interlock
Upper sheet
Lower sheet ‘ |
A T XS
Die Flaring
(a) Start (b) Driving through (c) Formation of interlock

upper sheet

7.1 Joining of sheets by self-piercing riveting, (a) start, (b) driving
through upper sheet and (c) formation of interlock.
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appropriate for the materials to be joined: if the sheet strength is too high, the rivet
skirt will not penetrate into the sheets, whereas if the thickness and ductility of the
lower sheet are too low, the lower sheet will fracture, leading to the interlock
failing to form.

7.3  Joining of similar metals

Self-piercing riveting is mainly applied to the joining of aluminium alloy sheets,
as resistance welding of aluminium sheets is not easy. Particularly in car
manufacture, the spot welding that is generally used for steel sheets tends to be
replaced by self-piercing riveting for joining of aluminium bodies (see Fig. 7.2).
Since rivets made of boron steel are much stronger than the aluminium alloy
sheets that they join, self-piercing riveting is relatively straightforward. The
joining range of aluminium alloy sheets by self-piercing riveting varies, between
a total thickness of the upper and lower sheets of 8 mm and a thickness of the
lower sheet of 0.5 mm. Steel, copper and polymer sheets with sufficient ductility
may also be joined by self-piercing riveting.

Self-piercing riveting can be used for joining more than three sheets, as shown
in Fig. 7.3. In designing the joining process for more than three sheets, the sheets,
except for the lowest sheet, are treated as one sheet, because the rivet skirt is
driven though these sheets (Kato et al. 2007).

7.2 Self-piercing riveting of automobile body panels.
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7.3 Self-piercing riveting of five aluminium alloy sheets.

7.4 Joining of dissimilar metals

High strength steel and aluminium alloy sheets are increasingly used in automobile
body panels in order to reduce weight. Since high strength steel and aluminium
alloy sheets are often used together, reliable joining methods for these two
dissimilar materials are required. As steel and aluminium have very different
melting temperatures, conventional fusion welding and resistance spot welding
are unsuitable for joining sheets made of these materials.

In joining these dissimilar sheets, self-piercing riveting gives great advantages.
It is particularly desirable in the automobile industry to join steel and aluminium
alloy sheets for lightweight automobiles. In the joining of dissimilar sheets,
defects tend to occur due to the differences in flow stress and ductility between
the sheets, necessitating controlling plastic deformation of the sheets. It is
comparatively easy to join mild steel and aluminium alloy sheets with self-piecing
riveting because the flow stresses of the sheets are similar and the sheets
have enough ductility (Abe et al. 2006). The effect of the differences of flow
stress between steel and aluminium alloy sheets on the joinability of the self-
piercing riveting has been examined using a finite element simulation (Cacko
et al. 2004).

In the self-piercing riveting of high strength steel and aluminium alloy sheets,
the strength of the high strength steel sheet approaches that of the rivet, introducing
a level of difficulty for the rivet to pierce, as shown in Fig. 7.4. In the upper high
strength steel sheet, a scenario where the rivet skirt is not driven though the hard
upper sheet due to the compression of the rivet skirt is shown in Fig. 7.4(a). The
flaring of the rivet skirt in the hard lower sheet becomes difficult, as shown in
Fig. 7.4(b), and the risk of the rupture of the lower sheet becomes high due to the
low ductility of the high strength steel sheet, as shown in Fig. 7.4(c). Thus, the
joinability is greatly influenced by differences in strength between the upper and
lower sheets that are to be riveted together.
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Compression

of rivet | Noflaring

1

i No driving

. through Small interlock Rupture

' |

(a) Upper high strength (b) No flaring in lower high (c) Rupture in lower high
steel sheet strength steel sheet strength steel sheet

7.4 Defects for self-piercing riveting of high strength steel and
aluminium alloy sheets: (a) upper high strength steel sheet; (b) no
flaring in lower high strength steel sheet; and (c) rupture in lower
strength steel sheet.

The cross-sectional shapes of the rivet and sheets for the upper high strength
steel sheet and the lower aluminium alloy sheet are shown in Fig. 7.5, where ¢ and
t, are the thicknesses of the upper and lower sheets, respectively (Abe et al.
2009b). The high strength steel sheets with nominal tensile strengths of 440 and
590 MPa are successfully joined with the low aluminium sheet without defects,
because the differences in flow stress are not very large.

The cross-sectional shapes of the rivet and sheets for an upper ultra-high
strength steel sheet with a nominal tensile strength of 980 MPa, paired with a
lower aluminium alloy sheet, are shown in Fig. 7.6 (Mori et al. 2006). With a
conventional die that is used in joining aluminium alloy sheets, the rivet could not
drive through the hard upper sheet due to the compression of the rivet skirt
(Fig. 7.6(a)). By optimising the die geometry, the 980 MPa steel and aluminium
alloy sheets were successfully joined; see Fig. 7.6(b).

The joining ranges for the high strength steel and the aluminium alloy sheets
using a conventional rivet and die used for aluminium alloy sheets obtained from
the experiment are shown in Fig. 7.7 (Abe et al. 2009b). The ratios of the thickness
of the lower sheet R, and the rivet length ratio R, are defined as

R=t/t,+1) [7.1]
R, =1/t +1), [7.2]

where [_is the length of the rivet. When the ratio of the thickness of the lower
sheet is small, no flaring of the rivet skirt in the lower sheet or rupture of the lower
sheet occurs, making joining difficult. Although the range of the upper SPFC590
is comparatively small, it was found that the joining range is reasonably wide for
high strength steel sheets below 590 MPa, even with the conventional rivet and
die used for aluminium alloy sheets.
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Self-piercing riveting

Calculated Experimental
(a) SPFC440

Calculated Experimental

(b) SPFC590

Calculated Experimental
(c) SPFC980

7.5 Cross-sectional shapes of rivet and sheets for upper high strength
steel sheet of £, = 1.4 mm and lower aluminium alloy sheets of
t,=1.56 mm: (a) SPFC440, (b) SPFC590, (c) SPFC980.

~SPECO80.

(a) Conventional die (b) Optimised die

7.6 Cross-sectional shapes of rivet and sheets for upper ultra-high
strength steel sheet of t = 1.4 mm and lower aluminium alloy sheets
of t,= 1.5 mm, (a) conventional die and (b) optimised die.
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7.7 Joining range for high strength steel and aluminium alloy sheets

with conventional rivet and die used for aluminium alloy sheets

obtained from experiment: (a) upper SPFC440 and lower aluminium
alloy; (b) upper SPFC590 and lower aluminium alloy; (c) upper
aluminium alloy and lower SPFC440; (d) upper aluminium alloy and

lower SPFC590.
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Interlock

7.8 Cross-sectional shapes of rivet and sheets obtained from
experiment of riveting of upper and lower aluminium and middle steel
sheets fort =0.5mm, t =1.2mmand t,=1.5mm

Figure 7.8 shows an example of self-piercing riveting of three sheets: the upper
and lower sheets are made of aluminium alloy, and the middle sheet is made of
steel (Abe et al. 2008; Mori et al. 2010). Polymer and aluminium alloy sheets
(Settineri et al. 2010) and fibreglass composite and aluminium alloy sheets (Fratini
and Ruisi 2009) may also be joined by self-piercing riveting.

7.5 Finite element simulations of the riveting process

Finite element simulation is effective in optimising joining conditions for the self-
piercing riveting process. Since the large plastic deformation of the sheet is
concentrated around the rivet skirt tip, the accuracy of calculated results
deteriorates, and the analyses may even terminate prematurely due to convergence
issues for excessive deformation. Adaptive remeshing has been employed to
avoid the severe distortion in the self-piercing riveting (Porcaro et al. 2006).

The deforming shapes of the sheets and rivet obtained from the calculation for
the two aluminium sheets are shown in Fig. 7.9, where s is the punch stroke (Mori
et al. 2007). The commercial dynamic explicit finite element code LS-DYNA was
used in the simulation. Since axi-symmetric deformation is assumed by limiting
the calculation to the vicinity undergoing plastic deformation, the cross-sections
of the sheets and rivet are meshed with quadrilateral elements. Both sheets and
rivet undergo plastic deformation during the joining process, and the die, punch
and holder are assumed to be rigid. Automatic remeshing is performed in the
simulation to avoid severe distortion of the element mesh. A self-piercing riveting
process of aluminium alloy and steel sheets has been simulated by the finite
element method (Abe et al. 2005).

In a finite element simulation of self-piercing riveting, the piercing process of
the rivet skirt through the upper sheet needs to be properly simulated. This fracture
and separation process was modelled with the normalised Latham and Cockroft
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(@) s=0.0 mm (b) s=1.65mm

(c) s=3.3mm (d) s=5.0mm

7.9 Deforming shapes of sheets and rivet obtained from calculation
for two aluminium sheets: (a) s=0.0 mm, (b) s=1.65 mm,
(c) s=3.3mm and (d) s=5.0 mm.

damage law (Chenot and Massoni 2006), the Gurson—Tvergaard damage model
(Atzeni et al. 2007) and the Lemaitre coupled damage model (Bouchard et al
2008). In addition, the driving of the rivet though the sheets was treated by removing
elements when the local thickness decreases to a very small value, e.g. below
0.1 mm. As shown in Fig. 7.10, the calculated result is in good agreement with the
experimental one, and thus this simple treatment is acceptable. The point-connector

—— Calculated — — Experimental

7.10 Comparison between cross-sectional shapes of sheets and rivet
obtained from calculation and experiment for two aluminium sheets.
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model has been employed to evaluate the static strength of the joint by the self-
pierce riveting in the shell element approximation (Hanssen et al. 2010).

7.6 Future trends

Self-piercing riveting is mainly employed for joining aluminium alloy sheets, and
the applicable range also extends to steel, copper and composite sheets, etc. It is
not easy to join sheets with low ductility, due to the tendency of lower sheets to
fracture. Since the ductility of magnesium alloy sheets is low at room temperature,
the sheet is heated with a laser beam in self-piercing riveting (Durandet et al.
2010) to avoid fracture of the lower sheet (see Fig. 7.11). It is also desirable to join
carbon fibre reinforced plastic sheets, due to the rapidly increasing applications of
these sheets in aeroplanes and automobiles in improving fuel consumption. The
optimisation of the shapes of the dies and rivets, as well as the heating approach,
is required for the joining.

Although hard steel rivets are conventionally used for the self-piercing riveting
of aluminium alloy sheets, rivets made of aluminium alloys have been developed
to improve recyclability (Abe et al. 2007, 2009a; Hoang et al. 2010). Since the
strength of aluminium alloy rivets is less than that of steel rivets, if the aluminium
alloy rivet is made in the shape conventionally used for steel rivets, the rivet will
fail to form a mechanical interlock (see Fig. 7.12(a)). The shapes of the rivet and
die have been optimised to decrease the compressive deformation of the rivet
and to form the interlock as shown in Fig. 7.12(b).

A cylindrical aluminium alloy rivet without a skirt has been developed to
improve recyclability (Kato et al. 2010). For the cylindrical rivets, the shape of
the die was optimised to form an interlock, as shown in Fig. 7.13. The cylindrical
rivets have the advantages of a simpler manufacturing process, and of decreased
distortion during riveting (Neugebauer et al. 2011). A pipe rivet has also recently
been developed by Huang et al. (2011).

7.11 Laser assisted self-piercing riveting of magnesium alloy sheets.
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7.12 Self-piercing riveting with aluminium alloy rivets:

(a) conventional and (b) optimised.
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7.13 Self-piercing riveting with cylindrical aluminium alloy rivets:
(a) start, (b) driving through upper sheet, (c) formation of interlock

and (d) joined sheets.
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Abstract: Quality control and the non-destructive testing of self-piercing
riveting have become increasingly important with the introduction of
aluminium as a light weight joining material. Computer vision and ultrasonic
testing can be used at various points in the self-piercing riveting process to
provide real-time non-destructive testing of aluminium joining materials and
can therefore save time, money and material waste.
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computer vision, image processing, ultrasound, narrowband, ultrasonic testing,
NBUS.

8.1 Introduction

This study discusses the need for non-destructive testing (NDT) for self-piercing
riveting (SPR)', as well as monitoring systems and sensors that can be used to
provide this type of testing. The automotive industry has for many decades been
using resistance spot-welding (RSW) as the standard method of assembling
steel cars. While there are approximately 4000 welds per car, only around
0.625% of these are checked to examine whether they are of an acceptable quality.
In a production line environment approximately 150 welds are checked every
60 cars — with six different sets of 25 welds, and one set is checked every ten
cars. The only way these checks can be performed without destroying the joint
is by manual ultrasonic testing with a handheld probe, which is tedious and
time-consuming.

The impact of vehicle emissions on the environment is an ever-increasing
concern worldwide. A reduction in emissions can be achieved by making
lightweight vehicles, which in turn, requires smaller engines to move the
reduced mass. With this in mind, the European Union introduced directive 70/220/
EEC, which dictates the maximum emissions for passenger vehicles of eight
seats or fewer (category M,). This information is summarised in Table 8.1. As
expected, many automotive manufacturers and in particular low- and medium-
volume car producers have attempted to reduce vehicle weight by switching
from steel to aluminium bodies. With the introduction of aluminium car assembly,
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Table 8.1 Directive 70/220/EEC for M, vehicles, detailing the required reduction of
vehicle emissions over time

Tier Date CcO HC HC+NOx NOx PM
Diesel

Euro 1t 1992/07 2.72 (3.16) - 0.97 (113) - 0.14 (0.18)

Euro 2, IDI 1996/01 1.0 - 0.7 - 0.08

Euro 2, DI 1996/01° 1.0 - 0.9 - 0.10

Euro 3 2000/01 0.64 - 0.56 0.50 0.05

Euro 4 2005/01 0.50 - 0.30 0.25 0.025

Euro 5 2009/09° 0.50 - 0.23 0.18 0.005°

Euro 6 2014/09 0.50 - 0.17 0.08 0.005°
Petrol

Euro1t 1992/07 2.72 (3.16) - 0.97 (1.13) - -

Euro 2 1996/01 2.2 - 0.5 - -

Euro 3 2000/01 2.30 0.20 - 0.15 -

Euro 4 2005/01 1.0 0.10 - 0.08 -

Euro 5 2009/09° 1.0 0.10° - 0.06 0.005%¢

Euro 6 2014/09 1.0 0.10° - 0.06 0.005%°

T —the values in the brackets are the conformity of production limits.

a - until 1999/09/30, after which DI engines must meet IDI limits.

b -2011/01 for all models.

c—-and NMHC=0.068g/km.

d - only applies to vehicles with DI engines.

e — proposed to change to 0.003g/km using the PMP measurement procedure.

SPR is currently used to apply several thousand rivets per car. Unfortunately,
SPR also suffers from similar inadequate quality control techniques to those
of RSW.

Since Ford began assembling lightweight aluminium cars, such as the Jaguar
X350 and X600, they have used self-piercing riveting rather than spot-welding
because the electrical and thermal conductivity requirements of aluminium are
2.5 to 3 times the current and only 33% the weld time of steel. As a result of the
lower resistance and increased current for aluminium in comparison to steel,
superior spot-welding machinery is required. This machinery generates more
heat in the electrode arms, which requires greater cooling to help limit tool
wear. While spot-welding of aluminium is possible, it is difficult and is not cost-
effective’.

It is difficult if not impossible to provide direct conclusive NDT of SPR joints
from a single sensor. However, by introducing a fusion of sensors and careful
analysis of the data, it is possible to monitor the process, machinery health and
tool wear to ensure a greater accuracy in the prediction of the mechanical interlock
quality. This saves time and money by avoiding destructive testing methods and
by improving on existing monitoring techniques. Ideally it should be possible to
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incorporate these additional sensors into existing NDT systems and production
line environments to improve current quality control and minimise costs.

8.2 Current technologies

Joining techniques in the automotive industry are predominantly driven by
advances in materials, working with dissimilar materials and the call for increased
automation as a result of a decline in the skilled labour force’.

Riveting machines apply rivets to materials in a wide variety of configurations,
from manually operated handheld riveting guns to multi-head automated riveting
tools that are electrically, pneumatically, or hydraulically actuated. There are three
main types of riveting machinery: compression riveting, non-impact riveting (also
known as orbital riveting), and impact riveting. Compression riveting forms the
head of the rivet by squeezing or pulling the rivet shank, while non-impact riveting
forms the head by performing a spinning or rolling action to the end of the top of
the shank. Impact riveting — as used in SPR — forms the head by impacting the top
of the shank, using riveting hammers/punches.

Henrob Ltd is an industry leader in SPR joining and monitoring systems. Their
client list includes eight leading automotive manufacturers: BMW, Audi, Jaguar,
Volvo, Chrysler, Mercedes, Freightliner and Hyundai. In 1994 Audi used
Henrob’s pre-clamping SPR system for the majority of the A8’s single point
joints®. In 1999 the same SPR system was used for various parts of the Audi A2,
which featured a lightweight all aluminium body’. Jaguar also used self-piercing
rivets in 2001 for their X350°. The engineers decided to use SPR because
significant parts of the X350 body shell were made from aluminium. Jaguar
implemented a SPR system developed by Henrob, and used Kawasaki robots to
apply the rivets. Some four years later. in 2005, Jaguar re-evaluated their
manufacturing processes and concluded that SPR still presented the best solution
for joining aluminium’.

Henrob along with Bollhoff — another prominent supplier of SPR machinery —
offer monitoring systems to accompany their joining machinery. Like Henrob,
Bollhoff operates in volume manufacturing plants in the automotive industry®.
These companies offer a variety of hydraulic and electric servo-joining solutions
tailored to the joining specification of the customer. The monitoring system may
be purchased at an additional cost. Henrob’s monitoring system is called RivMon
and can be purchased at an additional cost for its hydraulic and electric servo
systems, while Bollhoff’s monitoring system is an optional extra on its RIVSET
systems °'>. The main feature of these monitoring systems is their dedicated
sensors that monitor the setting force and punch movement throughout the riveting
process, resulting in a force—displacement curve. This curve is compared with a
trained reference curve. If the process curve fits within a pre-defined tolerance of
the reference curve, the joint is passed; otherwise the joint may be flagged for
attention or the process may even be halted. The sensors employed depend on the
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variant of the SPR system. Hydraulic systems have a positional sensor to locate
the punch and up to two pressure sensors to monitor the clamp and punch
pressures. Electric servo-systems monitor the punch location, punch velocity and
torque (motor current).

Orbitform offers a process monitoring system called Watchdawg, shown in
Fig. 8.1. Although this system is designed for non-impact (orbital) riveting, it
works on the same force—displacement technology. The force and displacement
data are plotted against each other on a graph and create what is known as a
‘force—displacement curve’. Force—displacement curves often have tolerances
extending around them to add greater flexibility to the technique — shown as a
dashed line around the graph plot in Fig. 8.1. These tolerances vary depending
on the types of joint and materials, as well as the forces applied and material
thickness.

The most prominent alternative NDT techniques for SPR not based on the
force—displacement curve technology are real-time visual inspection and
ultrasonic testing. The engineering department at SBC, The University of
Shanghai for Science and Technology', is currently researching real-time
visual inspect