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Abstract

In the current push towards more electric vehicles new ideas of manufacturing within
the automotive industry are being developed at a rapid pace. A few years ago the
idea of exchanging many welded parts with one giant die cast aluminium component
came to fruition. The process came to be known as megacasting in many circles and
since then a number of car manufacturers have invested in the technology. The use
of these brittle, cast aluminium components poses a problem however when using
joining methods which are typical in the automotive industry, such as self-piercing
rivets (SPR). The SPR process requires large plastic deformation resulting in often
unavoidable cracks in these cast components. Therefore it is important to investigate
the impact of cracks on the fatigue behaviour of SPR joints into die cast aluminium.
Using a soft 240LA, low alloy steel as a top sheet and die cast AlSi7TMnMg as the
bottom sheet fatigue samples were prepared using relatively soft rivets. Two di Lerkent
dies were used to induce samples which had no cracks visible on the joint button
and samples which had severe cracking visible on the joint button. One version
was prepared without adhesive and the other had material milled o tb achieve a
fixed gap thickness when adhesive was applied. Both were tested in fatigue using
a four-point bending fixture. A large variation was observed in the non-adhesive
fatigue samples with no significant impact from cracks. The adhesive samples all
went until runout. A number of investigations were done into the microstructure
of the aluminium, void concentration and cross-sectional analysis of SPR joints as
well as fracture surface analysis. It is unclear if cracks on the SPR joint button do
impact fatigue strength as there were a large number of variables in the samples
such as thickness, amount of oxides in the fracture surface, cracking severity on the
button, and voids inside the material. However, adhesive does seem to increase the
fatigue strength, without knowing quantitatively how much.

Keywords: Self-Piercing Rivet, fatigue, four-point bending, adhesive SPR joint
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1

Introduction

Aluminium is widely used to make passenger cars, both in cast and wrought form
[2]. Since the 1980s wrought aluminium has been used to replace mild steel in struc-
tural components in cars to reduce weight and consequently fuel consumption [3]. In
recent years cast aluminium has been making a new way into the automotive indus-
try to replace conventional oor structures made of steel and wrought aluminium,
with Tesla leading the charge a few years back [4]. Using giant presses large alu-
minium parts can be cast in a process dubbed 'megacasting’ [5]. With megacasting
up to 70 individual parts can reportedly be replaced with two or three castings [6].
The megacasting technology has gained huge popularity among automotive manu-
facturers. In recent years car companies such as Ford, Hyundai, GM and Toyota
are planning to incorporate megacasting into their prototyping and later produc-
tion [7][8][9]. Geely reports that one cast aluminium component already eliminates
about 800 weld points in the production of one of their electric vehicles (EVs) [10].
This, in turn, reduces cost and time of production as several welding robots and
manufacturing steps can be eliminated.

The megacasting technology was born from innovations in larger die casting ma-
chines [6]. The clamping pressure of the casting dies determines the size of the
component which can be cast [11], meaning that the pressure of the machine is the
limiting factor in component size. Thanks to the development of larger presses,
starting at 4000 tons and moving to 8000 and then 9000 tons, components of over
two by one meters can be cast. A megacast component can be viewed in Figure
1.1. One of the biggest orders for these gigantic presses is for Volvo Cars, which is
for two 9000-ton presses for their EV factory in Slovakia [12][13]. Additionally to
their Slovakia plant, Volvo Cars has invested 10bn SEK into their Torslanda plant

in Sweden for the development of EVs, including building a press to die cast car
oor structures in aluminium [14]. Cast aluminium oor structures in cars has the
possibility of reducing vehicle weight, but also lower manufacturing complexity as
well as emissions from logistics when compared to structures manufactured from
several sheet parts. Casting aluminium also allows higher use of secondary mate-
rial, as compared to wrought stock, thus potentially increasing the circularity of the
process [15]. However, the joining of these cast oor structures needs to be examined
because of the inherent material properties of cast aluminium.

Self-piercing Rivet (SPR) joining is extensively used in the automotive industry
to join structural components, such as oor structures [16]. It was introduced to
join dissimilar materials, such as aluminium to steel since the metals could not eas-

1



1. Introduction

Figure 1.1: Prototype megacast oor structure sitting on a standard EU-pallet, which
indicates the scale of the component. It is only a few millimetres thick in most places.

ily be welded. SPR joining is not traditionally suitable for brittle materials [3],
and cast aluminium is usually brittle compared to wrought aluminium [15]. The
process requires large plastic deformation of the joined sheets which can introduce
cracks in brittle materials, reducing the strength of the joint [17]. Previous work
has determined that die cast aluminium easily cracks during SPR joining resulting
in a weaker joint [17], potentially leading to lower fatigue strength. The rivetability

of the cast material can be increased with heat treatment, thus yielding a stronger
joint. This however adds additional time and cost during manufacturing, which
should be avoided if possible.

1.1 Problem statement

The aim of this project is to examine the fatigue behaviour of SPR joints in cast
aluminium, speci cally when cracks are induced. This is to see if cracks in the joint
as a result of material variations pose a problem for the integrity of the joint over
time. Finally, this will be compared to the same SPR joint with adhesive to see if
adhesive changes the fatigue behaviour. Therefore the project will focus on nding
the sloped part of a Wohler (SN) diagram. The hypothesis in this project is that
cracks will reduce the fatigue strength of SPR joints and that the application of

2



1. Introduction

adhesive to cracked joints will have an e ect on increasing fatigue strength.

The results from this thesis will hopefully aid the development of robust mechanical
joints in cast aluminium, speci cally for use in the automotive industry.

1.2 Demarcation

The focus of this work is how crack formation a ects the fatigue behaviour of cast
aluminium. The interest in SPR parameters in this project is mainly to obtain suit-
able crack formation in the joint for fatigue testing while adhering to standards for
acceptable SPR joints. No complete SN-curve will be estimated or calculated based
on the size of defects and fatigue limits, as the complete fatigue characterisation of
the aluminium is not of interest. Therefore, only the relative change in the SN curves
is of interest. Changes in microstructure from heat treatment are also outside the
scope of this thesis. The evaluation and quanti cation of cracks in the riveted joints
will be done by visual inspection and light microscopic analysis. Automatic image
recognition is currently under development at RISE. However, the development of
such methods is not part of this thesis.
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Theory

2.1 Aluminium-silicon casting alloys

Several alloy systems are used for casting aluminium, however, aluminium-silicon
(AI-Si) alloys are by far the most common and important [18]. Other important al-
loying elements in aluminium casting alloys are copper, magnesium, manganese and
iron [19]. Silicon in aluminium helps signi cantly with the owability of the melt
[15]. Therefore Al-Si casting alloys contain between 5% and 22% Si (all references
to percent in compositions are in weight%, unless otherwise speci ed). The eutectic
point of the Al-Si alloy system is 12,6% Si [20], the point at which o ers the lowest
melting point [21]. Therefore many Al-Si alloys are near or below the eutectic point
by a few percent, as this yields a favourable compromise between castability and
mechanical properties. Alloys with a higher than eutectic Si content (hypereutectic)
are primarily used for applications requiring higher wear resistance.

Cast aluminium is usually brittle compared to wrought aluminium [15]. This is
generally a result of brittle intermetallic phases formed between Al and Si. Upon
cooling Si forms eutectic intermetallic phases with coarse or ne morphology de-
pending on cooling rate [22]. These phases act as brittle areas where cracks more
easily form reducing the ductility of the material. However large amounts of an
alloying element, such as Si, are necessary to be able to cast aluminium. Si reduces
shrinkage during cooling, increases the uidity of the melt and reduces melting tem-
perature [20][18].

Cast material usually has a dendritic structure [23]. Dendrites are directionally
solidi ed grains with distinct structures. Two examples of dendrites are shown in
Figure 2.1. In the right image, the lighter sections are dendrites with darker eutectic
regions in between. The left image clearly shows how the dendrites form secondary
and tertiary 'arms' orthogonal to the primary direction of the dendrite. Faster
cooling rates yield smaller dendrites, and typically better mechanical properties in
the casting. In hypoeutectic (lower than eutectic Si content) Al-Si alloys the den-
drites consist of essentially pure aluminium with eutectic structure in between [18].
In hypereutectic Al-Si there would instead be primary silicon among the eutectic
structure. The eutectic structure consists of regular layers of 'plates’ or 'needles’ of
pure silicon termed acicular silicon in between aluminium. A typical eutectic struc-
ture is shown in Figure 2.2. The size of and distance between these silicon structures
depend on the cooling rate. A higher cooling rate yields a ner eutectic structure.
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Figure 2.1: Two examples of dendrites in metals. Left: SEM image of cobalt-samarium-
copper alloy. Right: Copper-tin alloy. Taken from [24] as per CC BY-NC-SA 4.0 DEED.
Licence: https: // creativecommons. org/ licenses/ by-nc-sa/ 4. 0/

Si does not readily dissolve in Al, only max 1,65%, and so precipitates into hard,
pure, diamond crystal structure Si, which is very brittle and abrasion resistant [20].
Large needles and plates of Si is therefore detrimental to tensile properties such
as ductility, but can be advantageous in applications where high wear resistance is
required.

Figure 2.2: Eutectic structure of a hypoeutectic Al-Si cast alloy. White is aluminium
and dark is the silicon phase. Taken from [25] as per CC BY-NC-SA 4.0 DEED. Licence:
https: // creativecommons. org/ licenses/ by/ 4. 0/

The morphology and neness of these dendrites and eutectic structure can vary sig-
ni cantly with alloying, the cooling rate of the casting and subsequent heat treat-
ment [18]. The eutectic structure can be turned into a ne brous structure with
small alloying amounts of for instance strontium or sodium. Smaller particles of
silicon in the eutectic structure are preferable for mechanical properties. A ne
eutectic structure usually resists crack propagation better than a course eutectic,
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thus improving fatigue properties [26]. The same is true for dendrites. Secondary
Dendrite Arm Spacing (SDAS) is a measure commonly used for castings [27]. SDAS
tells how far apart the secondary arms of the dendrites are, and as a result how
coarse the grains are. Lower SDAS is commonly linked to a more homogeneous
distribution of segregations, pores and defects in the material, lowering the risk of
large stress concentrations. The cooling rate is largely coupled with SDAS [28]. A
higher cooling rate will generally give a smaller SDAS, and in general yield higher
yield strength, ultimate tensile strength and elongation at fracture. Smaller SDAS
has been shown to decrease average pore size in aluminium [29].

Aluminium readily reacts with oxygen in the air to produce an oxide Im, which it
essentially always is covered by [11]. Therefore it is important to avoid turbulence
in lling casting moulds and dies. When the molten metal surface is turbulent it can
fold over itself, in a process called entrainment [30]. This can cause gas (air) bubbles
as well as what are called bilms to end up in the material. This phenomenon is
depicted in Figure 2.3.

Figure 2.3: Turbulence causing bilms and gas bubbles. Taken from [31] as per free use
by Open Access. Licencehttps: // www. mdpi. com/ openaccess

Bi Ims are a major problem in aluminium castings. According to some researchers,
biIms are a major contributor to all aws in all metallic materials, wrought as

well as cast [31][32]. In aluminium castings, bilms are problematic as the two
oxide surfaces which are folded on top on each other have no adherence to each
other. Oxide Ims on aluminium grow atom-by-atom, and have a strong bond to
the aluminium matrix [33]. Therefore these bi Ims act as cracks in the material and
can initiate fractures. Bilms are negatively linked to many microstructural features
such as grain size, SDAS, and the morphology of eutectic Si and can act as areas
where gas can accumulate to form pores.
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2.2 Die casting of aluminium

2.2.1 The die casting process

The die casting process is of great industrial importance [23]. Many cast products
from magnesium, aluminium, zinc and other lower melting temperature metals are
produced by die casting. The process is highly automated and can produce parts
with low cycle times, typically a few seconds for smaller components and up to two
minutes for larger components [11]. The process produces parts with high geomet-
rical accuracy, meaning that little or no post-processing is required, contributing to
die casting's high productivity. Figure 2.4 shows a simpli ed schematic of the die
casting process.

Figure 2.4. Schematic of the die casting process. From [34] as per CC BY-NC-SA 3.0
DEED. Licence: https:// creativecommons. org/ licenses/ by-nc-sa/ 3. 0/

The molten metal is rst poured into the shot sleeve (pressure chamber in the im-
age). The plunger then presses the melt into the cavity of the die. Due to the
reduced area of the gate (sprue in the image), this happens at an elevated velocity
in the region of 50 m/s, depending on pressure and gate size. The die is lled with
molten metal in under a second where it solidi es and cools before being ejected and
typically cooled further in a water bath. The cycle time is mainly determined by
the cooling rate in the die, as the part must be solid enough to support itself when
taken out of the die. There are two main types of die casting: hot chamber and
cold chamber [35]. Cold chamber die casting is used for alloys with higher melting
temperatures such as aluminium and copper while hot chamber is used for lower
melting point alloys such as zinc, lead, tin and magnesium. Larger components
require higher pressures to push the material and hold the dies shut, leading to the
term High-Pressure Die Casting (HPDC).
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The size of the component which can be die cast is limited by the pressure of
the machine [36]. This is mainly determined by the pressure used to hold the dies
from separating during casting, called the locking pressure. Otherwise, one very
important aspect of die casting is the use of intensi cation pressure once the die is
lled. This pressure is applied by the plunger as the material is solidifying applying
a compressive stress to the component, and is important for the nal properties of
the component.

2.2.2 Process parameters and material properties

There is a large variability of mechanical properties in as-cast HPDC aluminium
components [37]. All parameters of HPDC in uence the material properties of the
nal component. Even the time the melt spends in the shot sleeve has an e ect.
Before the molten metal is pushed into the die crystals start solidifying into what are
called Externally solidi ed Crystals (ESCs) [38]. When the material is plunged into

the die there will be a mixture of ESCs and liquid that is pushed into the die. This

leads to areas of di erent concentrations of ESCs which a ect the local properties
of the material.

Up to 30% volume of an HPDC component can consist of ESCs and therefore add
to the variability of cast components [39]. The slow solidi cation in the shot sleeve
leads to ESCs which consist of large dendrites which are somewhat broken up dur-
ing lling [40]. Primary alpha-Al formed in the die cavity is more globular and of
much smaller size than the ESCs which are formed in the shot sleeve. This can be
explained by that the alpha-Al from the shot sleeve has had enough time to solid-
ify past the stability criterion for spherical grains and therefore exhibit a dendritic
structure, as opposed to the microstructure in the die cavity. A reduction in the
fraction of large alpha-Al is seen moving from the inlet and to the end of large
castings. The ow speed of coarse alpha-Al is slower during the lling of thin and
narrow channels. The material further from the gate is dominated by solidi cation
within the die as opposed to ESCs.

Filling time gets increasingly important as the size of castings increases [41]. In
large die castings with small thicknesses longer lling times can lead to lling prob-
lems as thin sections can solidify and block material ow. Therefore the lling
velocity must be high enough to Il the entire die. A higher gate velocity is however
linked to higher gas porosity density [42]. Somewhat contradictory is that higher
gate velocity is also generally linked to better mechanical properties in die castings
[36]. They however lead to increased die erosion shortening the lifetime of the die.
Higher die and melt temperature is bene cial to achieve lling of the die as it aids
in owability, however, die temperatures which are too high are detrimental as die
soldering then can become a problem.

A larger distance from the gate increases the porosity of die casting alloys [43].
This can be explained by impingement of the uid and reversal or change of direc-
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tion causing strong turbulence. This is especially important at the far end of the
die and where ow directions change.

In one study by Niu et al, an increase in pores of especially larger sizes with in-
creasing distance from the gate has been observed [41]. The yield strength (YS) and
ultimate tensile stress (UTS) did not signi cantly change with distance from the
gate, however, there was a signi cant decrease in elongation at fracture. A sharp
decline in mechanical properties are seen after a certain distance from the gate, and
SO a concept of 'e ective ow length' is proposed by the authors to help explain
this phenomenon. This e ect is speci cally connected to large, and thin-walled die
castings.

Solidi cation pressure serves to limit the growth of gas bubbles and counteract
shrinkage porosity, where partially solidi ed material shrinks in between already
solid matter, creating pores [42]. Oxide Ims that are created and broken up during
turbulent ow act as nucleation points for gas pores to form. Without intensi cation
pressure, these gas pores can freely grow as the melt solidi es and shrinks. The use
of intensi cation pressure presses these oxide Ims, and especially bi Ims together
making the gas pores unable to grow. Higher intensi cation pressure yields lower
porosity and improves mechanical properties as a result.

Due to the high velocities in die casting the ow front is often turbulent [44]. This
causes a number of problems, but particularly problematic is air pores trapped in
the nished part. Porosity is one of the leading problems for all casting processes
and is mainly what has limited die casting to be used for structural components in
the past. Methods such as pulling a vacuum have been developed to avoid porosity
by minimising reactions with oxygen and limiting the amount of gas that can be
trapped as pores [35]. Increasing vacuum levels have been found to decrease porosity
in the casting as it minimises the gas being trapped in the metal [45]. However, even
vacuum assisted HPDC does not solve the porosity issue.

Due to the complex ow and solidi cation of die casting it is also a di cult process

to simulate [46]. This is unfortunate as large casting dies are expensive and time-
consuming to produce. Results from simulations regarding material properties do
not always follow the simulation, and so real-world tests are necessary to achieve
good parts [41]. HPDC also uses coatings on the die [47]. The coatings protect
the die from thermal shock and cast metal sticking to the die (die soldering). The
coating is a thermal barrier and by varying the thickness or coating material the
cooling rate of the casting can be changed.

2.3 Self-piercing rivet joining

SPR joining is a process in which a rivet is used to join two or more sheets of metal
together. The rivet is pushed through the material without pre-drilling a hole and
is ared out by a die that the rivet is pushed into. This deforms both sheets and the
rivet to create an interlock, mechanically joining the sheets together. This process is
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schematically shown in Figure 2.5. SPR joining has been around since the 1960s but
did not gain major usage and development until the 1990s [3]. The process also does
not produce any signi cant heat which can a ect the microstructure and properties

of the materials, as opposed to welding. SPR joining is usually done together with
adhesives, which improves joint strength and sti ness and reduces noise.

Figure 2.5: Schematic of the SPR process. Taken from [3] as per CC BY 4.0 DEED
[48]. License: https: // creativecommons. org/ licenses/ by/ 4. 0/

Figure 2.6: A common, semi-tubular self-piercing rivet.

The SPR joint consists of a semi-tubular or fully tubular rivet and two or more sheets

that are joined together. The rivet is pushed into the material which is pressed into

a die on the opposite side of the rivet. The joint therefore requires access from
both sides of the material. The rivet legs are outward and create a mechanical lock
between the rivet and bottom sheet. The mechanical interlock between the rivet and
the bottom sheet is what gives the joint strength. The process requires large plastic
deformation of both the rivet and the sheets. Figure 2.6 shows a semi-tubular rivet
commonly used in the automotive industry. Figure 2.7 then shows the cross-section
of the same rivet before and after being driven into two sheets of material to create

11
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a joint. Notice how the legs are parallel before riveting and how they splay out
afterward, creating an interlock.

Figure 2.7: Cross section of the rivet from Figure 2.6 before and after being driven into
two sheets of material. In this case steel on the top and aluminium on the bottom.

There are a number of requirements for achieving a strong and acceptable SPR joint
[49]. Mechanically the interlock needs to be large enough to give the joint su cient
strength. Therefore the interlock is the most important feature to consider for an
SPR joint [50]. How much the rivet head protrudes from the top sheet can be
aesthetically limiting as well as an indication of interlock. The choice of rivet, die,
and setting force all have an in uence on the soundness of the joint, and all need
to be optimised to the joined materials' hardness and thicknesses. SPR joints are
evaluated in two ways: using non-destructive testing (NDT) and by cutting the joint

in half to reveal its cross-section.
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Figure 2.8:  Cross-sectional schematic of a typically acceptable (left) and unaccept-
able (right) SPR joint. Taken from [3] as per CC BY 4.0 DEED. License: https:
I/l creativecommons. org/ licenses/ by/ 4. 0/

Cross-sectional analysis of SPR joints is the most thorough way to evaluate the
soundness of the joint [49]. This is done by making an accurate cut revealing the
centre line of the joint followed by polishing and then analysis in a microscope. Us-
ing built-in software the interlock between the rivet and lower sheet in both X and

Y directions, gaps under the rivet head, the remaining thickness of the bottom sheet
beneath the rivet, head height, and the diameter of the rivet head can be measured.
The cross-section can also show if the rivet is bent or asymmetrical, or if the rivet
legs show any signs of deformation such as buckling. However, as a cross-section
only shows one plane it does not reveal if any asymmetry is present in other direc-
tions than the one which is investigated.

Some of the mentioned faults can be seen in Figure 2.8. With NDT head height can
be measured as well as a visual inspection of cracks in the material on the opposite
side of the rivet, called the button. Head height is a good indication of interlock, as
a lower head height usually correlates with greater interlock. However, NDT is not
enough to fully evaluate if process parameters yield a sound joint.

There are a number of rules of thumb to achieve strong SPR joints [50]. In joints
using two sheets of material the thicker one on the bottom yields the strongest joint.
The same is true when the material of higher hardness is on top. For instance, a
steel-aluminium joint is generally stronger than an aluminium-steel joint (written
as top sheet-bottom sheet). This is because a thicker bottom sheet allows more
material to deform around the rivet legs, creating a greater interlock. A harder
bottom sheet will be more di cult to deform, usually yielding a smaller interlock.
Rivet length can vary much depending on sheet thicknesses, and though there are
some guidelines there are no set rules as to how long the rivet should be compared
to the stack height. However, too short a rivet may lead to insu cient interlock,
while too long a rivet may break through the bottom material. Die selection greatly

a ects rivet deformation and crack formation in the bottom sheet. Very steep dies
ensure large deformation of the rivet and bottom sheet but may lead to cracking
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in less ductile materials. Dies with gentler curves can instead lead to insu cient
deformation and interlock. The right diameter also needs to be chosen, as too small
a die may hinder correct die deformation leading to bad interlock and too big a die
may yield too little deformation. The right die-to-rivet volume ratio is necessary to
achieve a good joint.

Rivets can have di erent coatings to help with corrosion resistance and or friction
during the riveting process. Rivet hardness also needs to be chosen to suit the joined
materials. Rivets need to be hard enough to penetrate the materials, but the harder
the rivet the more force is required to achieve a su cient interlock. Rivet setting
force directly a ects the size and sti ness of what SPR machines can be used. A
typical SPR machine is shown in Figure 2.9. Usually, these consist of a C-frame
with a certain throat depth where the rivet gun is mounted on the top and the die
holder is mounted on the bottom. Light C-frames are preferable to enable exible
automation when mounted to robot arms. However, lighter C-frames compromises
on sti ness and throat depth while heavier frames put higher demands on the robot
arms. The SPR process is very much a process of compromise.
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