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Abstract

Abstract
The first aim of this work was to study systematically force-displacement curve of
self-piercing

riveting

(SPR)

process

in

conjunction

with

specimen

characterization. Carbon steel sheet with different thicknesses and hardnesses and
steel rivets with different lengths and hardness levels were used to examine the
influence of material properties on the force-displacement characteristic curve.
Flat dies with three specific diameters and five types of depth also have been used
to observe their influence on the joint formation and force-displacement curve.
This study shows that the force-displacement curve can be used to monitor the
quality of a joint within the process parameters (rivet length and hardness, total
stack thickness and die geometry) studied.
A simple and effective model was developed to determine rivet flaring in selfpiercing riveted (SPR) joints by taking into account the effect of C-frame
deflection on the force-displacement curve. Both interrupted and un-interrupted
SPR experiments were performed to define the start of rivet flaring and the
subsequent path of the flaring rivet tip. Two key point events of the forcedisplacement curves were identified, d0 and dmax for start and end of rivet flaring
respectively. A relationship was established for interrupted SPR samples, and was
then validated for complete (un-interrupted) joints. The study shows that the
characteristic force-displacement curve can be used to predict the rivet flaring
inside an SPR joint without characterising the cross-section of a joint.
The study was then followed by testing the feasibility of measuring residual
stresses in Self Pierce Riveted (SPR) joints by neutron diffraction technique. The
main challenge involved dealing with the very small dimensions of SPR joints.
Two different joints were examined: aluminium-steel and steel-steel. Even though
small dimensions were involved, meaningful results were obtained. In the rivet
head, a tensile stress was observed for the steel-steel specimen, whereas only
compressive stress was observed for the aluminium-steel. The residual stress
evaluated in the rivet head was higher in the centre and lower at the edge for both
i
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joints. Stresses in the sheet material adjacent to the rivet wall and at a distance of
three times the rivet radius from the rivet axis were not significant. For the SPR
joints examined, the maximum value of residual stress was found to be
compressive and occurred in the rivet leg. It is evident from the residual stress
profiles that the neutron diffraction technique successfully predicts the position of
the rivet leg after flaring in a joint. The results are discussed according to the
physical events involved during the process.

The uncertainties involved in measuring residual strain and their dependence on
both the gauge volume of the neutron beam and acquisition time in self-pierce
riveted (SPR) joints were also examined. The main challenge was to develop an
optimum instrument configuration that allows fast and/or more accurate stress
measurement in SPR while maintaining the same time resolution required for the
mm-scale of the problem. Two different gauge volumes were used, 0.125 mm3
and 1.0 mm3, and two different measuring directions were chosen in order to
examine the rotational accuracy of the sample table. Even though small sizes were
involved, meaningful results were obtained and measurement errors were reduced
by optimizing the instrument parameters. Typically, 240 and 900 seconds are
necessary to achieve error (measurement uncertainty) within the range of ± 50 µm
in sheet material for 1.0 and 0.125 mm3 gauge volume respectively while the
neutron path length is around 4.0 mm.
Applying these optimum instrument parameters, the evaluation of residual stress
for a wide range of SPR joints is reported to provide guidance for the optimum
design of SPR joining conditions. The effect of the ply material’s hardness and
thickness, and rivet hardness on the residual stress profile was analysed. It was
observed that the residual stress towards the rivet leg increases up to a certain
limit depending on the material’s hardness and thickness, and the rivet’s hardness.
A zero residual stress was observed due to further increase in hardness of the
materials and rivets, which indicates a crack inside the joint. The result was then
verified by an extracted rivet. The study shows that a crack inside the joint can be
successfully predicted by the residual stress profile of an SPR joint. The residual
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stress profile of a joint can be linked with the characteristic force-displacement
curve.
Subsequent work was focused on the mechanical behaviour of the joint for the
above different joining conditions. The static strength depending on the loading
condition (cross-tension and lap-shear) and process parameter are discussed. In
general, the strength of a SPR joint is highly dependent on the loading conditions:
higher strength is always observed for lap-shear than cross-tension loading
condition. However, in both loading conditions (lap-shear and cross-tension) the
strength of a joint is greatly influenced by the hardness and thickness of sheet
materials. The harder and thicker the ply materials are, the higher the strength of a
joint in terms of both maximum force and energy.
The rivet flaring model was then extended to predict the joint strength directly
from the characteristic force-displacement curve in cross-tension loading. Nine
different cases were studied. All predictions of joint strength fall within 10% of
the measured joint strength.
Finally a relationship was developed between the cross-tension and lap-shear
loading conditions. The purpose was to predict the joint strength in lap-shear
condition from the joint strength in cross-tension loading. An empirical equation
was proposed by following the design formulae presented in Eurocode 9. The
equation relates the joint strength between the two loading conditions with less
than 8% error. The developed relationship between cross-tension and lap-shear
condition represents a useful reference to be considered for further studies
especially for different rivet and die geometry.
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INTRODUCTION

Self-Pierce Riveting (SPR) is now a well-established mechanical fastening
technique for joining sheet materials. The joining method has been widely
adopted by the automotive industry due to its suitability for high volume
production and for use in combination with structural adhesives [1]. To reduce
carbon emissions and fuel consumption, the demand for lighter, more energy
efficient vehicles is increasing. This demand for a lighter car is met by using a
combination of dissimilar materials such as light weight and high strength
materials in the automotive industry. The SPR is found to be an effective process
to join these dissimilar materials. The advantages of SPR include fast cycle time
with easy automation, no need for a predrilled hole or accurate alignment with a
predrilled hole, no waste material produced, high process reproducibility, and
consistent joint strength [2-9].
Sheet metal joining is a very important part in the manufacturing process of
automobile industries. Making of building roof, aeroplane, ship deck and oil
carrying drums all involve metal joining processes. Joining technology of sheet
metal includes resistance spot welding, arc welding, friction stir welding, laser
welding, adhesives, nuts and bolts, screws, conventional riveting, clinching and
self-piercing riveting (SPR). Resistance spot welding is very popular in the
automobile industries as it is a very well known, extensively proven technology
and the industries are comfortable with this technique, having considerable
experience. The automotive industries are increasingly using light weight and
high strength materials such as aluminium or magnesium alloys, and advanced
high strength steel to improve the energy efficiency by reducing the weight of the
vehicle structure [10, 11]. Direct welding of dissimilar materials is difficult and
sometimes impossible as they undergo some fusion process which may lead to the
production of different and unwanted phase transformation. High thermal
conductivity and surface oxide layer are also crucial for welding, particularly for
aluminium alloy. Hence, mechanical fasteners, clinching and adhesive bonding
techniques are increasingly being considered by design engineers [12]. Nut and
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conventional riveting require predrilled holes which make the process slower and
the clinching generally produce joints with lower strength than SPR. For all of the
above reasons, SPR is increasingly used in automobile, packaging and appliance
industries.

1.1

The self-pierce riveting process

The SPR technique is generally used to fasten two or more sheets of material by
cold forming, as shown in Fig. 1.1.1. A semi-tubular or fully tubular rivet is
driven through the top sheet by displacing material into the rivet bore and die,
piercing but not perforating the bottom sheet, and flaring the legs in the bottom
sheet under the guidance of a suitable die [1]. Not perforating the bottom sheet
means a seal is maintained and the rivet leg is not exposed to the environment; the
resulting joint is resistant to gas and liquid penetration and corrosion in the die
side [1, 13].
The sheet with the rivet head is called top sheet and the sheet in the die side is
called bottom sheet. Throughout the thesis this naming convention is followed.

Fig. 1.1.1 Schematic diagram of the riveting process.
The SPR process originated ~50 years ago, but during the last 20 years, it
progressed significantly, although limited literature has been published in this
field [14]. There is, in particular, limited performance data on SPR joints. The
rivet needs to satisfy two conflicting properties, hardness and ductility in order to
complete the process. The rivet should have sufficient hardness to pierce the top
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sheet completely and to pierce the bottom sheet partially. However, the rivet
should also have sufficient ductility to flare and deform in the bottom sheet
without cracking in order to create mechanical interlock. The ply materials should
also have sufficient ductility to deform inside the die cavity without cracking.
SPR process also produces residual stress due to the plastic deformation of both
the rivet and the sheet material.

1.2

Deformation behaviour

The SPR joining involves two distinct events: piercing and flaring of the rivet.
However, further investigation has demonstrated that these events occur over four
significant stages that can fully describe the fastening process. These four stages
are named as: (i) bending of sheet materials, (ii) piercing of the top sheet, (iii)
partially piercing of the bottom sheet and (iv) filling of the die cavity with the
radial flow of materials, and forming of the interlock by setting of the rivet head
[15-17]. The key measurable process parameters for the riveting system are
identified as the rivet setting force applied by the punch and the displacement of
the punch rivet as shown in Fig. 1.2.1.

Fig. 1.2.1 Schematic of measurable process parameter.
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The punch force and the displacement can be measured directly during riveting. A
force-displacement curve thus can be produced as shown in Fig. 1.2.2. The
deformation behaviour of the rivet and sheet material can be described fully by
this force-displacement curve. It is known that any change in process parameters
will make a unique change on the force-displacement curve [16].

Fig. 1.2.2 A standard force-displacement curve for SPR process.

1.3

Research objectives

At present, the prediction of SPR joint performance is derived mainly from
experience. There is a certain amount of literature that discussed the performance
of SPR, but the actual mechanism of joint formation and deformation behaviour
during the joining is not clear. The self-piercing rivet must have two conflicting
properties i.e., hardness and ductility; the rivet should have sufficient hardness to
pierce the top sheet and high ductility to flare in the bottom sheet. Residual stress
develops in the joint due to plastic deformation of both sheets and the rivet.
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The aim of this research is to understand the deformation behaviour of the rivet
and sheet material during the riveting process. Another goal of this research is to
study the residual stress developed during a SPR process because of plastic
deformation of the rivet and sheet materials. Finally the project aims to study the
mechanical behaviour of SPR joints to extend the existing knowledge which will
enable the prediction of joint strength for a variety of riveted joints. The research
aims will be achieved by:
 Creating a range of riveted joints by changing different parameters
such as different materials, rivets and dies, interrupting the family
of joints in different positions and then establishing the forcedisplacement curve, and determining the rivet flaring at each
interrupted positions. Finally determining the C-frame deflection.
 Feasibility study of the residual stress evaluation in SPR joints by
the neutron diffraction method and evaluating the residual stress in
a collection of different SPR joints by the neutron diffraction
technique.
 Producing a series of SPR joints for both the cross-tension and lapshear loading condition and measuring the strength of each joint in
each loading condition.

1.4

Outline of the thesis

The body of the thesis is presented in nine main chapters beginning with an
introduction which provides an outline of the SPR process and states the principle
objectives of the current research.
Previous research which was performed in the field of SPR is described in chapter
two. Different SPR techniques, mechanics of joint formation, quality monitoring
process and different factors that affect the joint quality are described. The static,
dynamic and fatigue behaviour of the SPR joints are also presented in the
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literature review chapter. A brief comparison with SPR and other techniques is
also provided.
The challenges associated with residual stress in SPR are identified in chapter
three. A short literature survey on the general effect of residual stress on different
structures is discussed and different measuring methods of residual stress are
introduced.
In chapter four the experimental approach and procedure used to understand the
deformation of the rivet and sheets by interrupting the joints are presented. The
measurement technique of residual stress is fully described starting from the
feasibility tests followed by optimizing parameters for meaningful measurement
to the final stage of the experiment. The method to determine the mechanical
behaviour, the equipment and testing procedure are fully described.
Chapter five presents the results from the interrupted tests. The characteristics of
SPR process from a family of riveting conditions are analysed and the
significance of different process variables is established. The chapter mainly
demonstrates the deformation of the rivet and sheet material by analysing the
force-displacement curve and the cross-sectional pictures of the joints interrupted
at different positions. A model is also presented to determine the rivet flaring from
experimentally measured force-displacement curve.
In chapter six, at first, the feasibility of evaluating residual stress in SPR joints by
the neutron diffraction technique is provided. Then an optimization test is
performed to determine the optimum instrument parameters that will enable faster
and accurate evaluation of residual stress. The main objectives are to determine
the residual stress profile in different SPR joints by using the optimum
instrumental condition. Detailed residual stress profiles are presented for a variety
of SPR joints consisting of sheets with several types of hardness and thickness of
materials, different rivet hardness and die depth. The results are discussed with
respect to the physical events occuring in the SPR process.
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The mechanical behaviour of the SPR joints is discussed in chapter seven. The
chapter reports the dependency of static strength on loading condition and failure
modes of joints. An analytical procedure to predict the joint strength in the crosstension loading condition is presented and the relationship of a joint strength in
lap-shear and cross-tension is also demonstrated.
Finally in chapters eight and nine a guidline for the industry, summary of the
conclusions and recommendation for future research are prescribed.
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LITERATURE REVIEW

Joining of metal sheets is very important in the manufacturing industry especially
in automotive industries. Self-piercing riveting is found to be advantageous
among the various joining methods particularly for joining of dissimilar sheet
materials [18-21]. The automotive industries are increasing the use of light weight
high strength materials to reduce the total weight of a vehicle in order to improve
fuel efficiency. SPR is now a widely adopted joining technology in the
automotive industry due to the increasing demand of joining light materials such
as magnesium and aluminium [2]. SPR is also used in other industrial sectors like
building construction and packaging industries [22-25]. The process is very
suitable for high volume production with and without structural adhesives [26].
SPR is a relatively new technology, having originated about 50 years ago [14, 27].
However, several car manufactures started to implement SPR as a major joining
process to assemble aluminium roofs and different parts of a car body after 1990
[2, 11, 28, 29]. Audi adopted SPR in its A8 model for joining the aluminium
space frame in 1994 and 70% of joints were made by SPR [2, 18]. In 1999 Audi
produced the first mass aluminium car and SPR was the main method of joining
[18]. A considerable amount of SPR joints are used in car chassis and doors by
eliminating MIG welding by Jaguar, Ford and Mitsubishi [10, 30, 31]. As a result,
SPR progressed significantly in the last 25 years. During the last decade several
patents were also lodged in riveting and applications [32].
As now-a-days automotive industries are using coated, light weight and high
strength materials for the manufacture of the car body, it is essential for them to
re-examine the conventional joining processes such as welding [3, 4, 6, 33].
Direct welding of dissimilar metals is difficult or impossible as they undergo
some fusion process which may lead to the production of a phase transformation.
High thermal conductivity and surface oxide layer are also crucial for welding,
especially for aluminium alloy [3, 6, 34]. For this reason, SPR has drawn
increasing interest and applications in recent years. The advantages of SPR
include [5, 35-40]:
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Simple process with no predrilled holes required.



Fast cycle time and easy automation.



No heat fumes, dust or chips



No waste material is produced so friendly and safe to the environment.



High strength and better fatigue properties achieved.



Low energy requirement so relatively low cost.



Very little or no damage to pre-coated material.



‘Water tight’ joint is formed.



Possible to join a range of dissimilar materials such as steel, aluminium,
plastic, polymer and multiple material stacks



Very good reproducible behaviour and compatible with adhesive and
lubricant

Like all other technologies, SPR also has some disadvantages, which include [4143]


Requires access to both sides of the joint.



Not suitable for brittle materials.



During the forming process high force is necessary, which requires a
relatively strong and heavy C-frame.



There are sudden increases of surface in the joints which may not be
acceptable aesthetically.

This thesis provides a review of the literature on SPR process which includes 12
theses, 2 book chapters, many journal and conference papers, and reports from the
open literature and private communications. Finite element modelling (FEM) of
the SPR processes is also discussed with 63 references.

Static and fatigue

performance of the joint for different loading conditions (coach-peel, crosstension, lap-shear and pure shear) and different specimen configurations are also
discussed. The effect of process parameters such as rivet diameter, hardness and
length, properties of ply materials (thickness and hardness), different types of
dies, rivet setting pressure and direction of riveting on the performance of the
riveted joint are also reviewed in this thesis.
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SPR joining process

SPR is a cold forming process. This process is used to fasten two or more sheet
materials, as shown in Fig. 2.1.1. Here a tubular rivet is driven through the top
sheet and flaring the legs in the bottom sheet under the guidance of the rivet’s
internal geometry and a die which is positioned below the bottom sheet [1, 41,
44]. A seal is maintained as the bottom sheet is not pierced through and the
resulting joint is resistant to gas and liquid penetration at the bottom sheet and
therefore resistant to corrosion [2, 13, 45]. SPR is capable of joining up 2 to 6 mm
of steel and 2 to 10 mm of aluminium stack thickness [2, 46]. The process is also
capable of joining mixed grades of materials and multiple material stacks up to 4t
(Fig. 2.1.2), and use of interlayered adhesive and sealant is also possible [46, 47].

Fig. 2.1.1 Schematic illustration of SPR process [48].

Fig. 2.1.2 Joining capability of SPR (a) 2t and (b) 4t stack-up [2].
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Different SPR processes

2.2.1

Traditional SPR process

Chapter 2

The SPR joining involves a high setting force. To supply a high force, a strong
and heavy C-frame is used in the SPR process (Fig. 2.2.1). A die is mounted on
one side of the C-frame, a punch is set on the other side and the specimen is
positioned in between. The riveting speed is generally 10 mm/s. A range of Cframes are available to meet the different load requirements [35].

Fig. 2.2.1 Schematic of a C-frame used in traditional SPR processing.

2.2.2

Laser assisted self-piercing riveting

Plastic deformation of materials is involved in SPR joining. The bottom sheet
requires sufficient ductility to deform within the die anvil without cracking.
However, joining a material with low ductility such as magnesium is not possible
with conventional SPR [12, 49-51]. The magnesium bottom sheet cracked during
the riveting operation as shown in Fig. 2.2.2 [52-54]. The bottom sheet can be
preheated by a laser beam in order to improve the ductility before riveting [55,
56]. Crack-free magnesium joint is possible by increasing the workability of
magnesium when the bottom sheet is pre-heated before the joining (Fig. 2.2.2).
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However, the preheat temperature depends on the material properties and to
determine the optimum pre-heat temperature Zener-Hollomon parameters were
employed by Wang and co-authors [49]. The optimum preheat temperature of
magnesium is 180º - 210ºC [49, 54]. Within this preheat temperature the
deformability of magnesium increased greatly on account of the softening of
magnesium. The softening of magnesium occurred due to dynamic recrystallization [54, 57]. It is suggested that the analytical approach to the
temperature at the onset of joining can provide the basis for online process
monitoring [56]. The total cycle time is increased to 5 seconds due to the time
required for the preheating of magnesium alloy [52, 55]. However the process is
still viable and development work is needed to decrease the cycle time and to
monitor the heat absorbed from the laser and control the heat transfer between the
sheets [54-56].

Fig. 2.2.2 The SPR joint of 3 mm + 3 mm AZ31 produced (a) without laser and
(b) with laser heating [52].
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Electro-plastic self-piercing riveting process

In this process a DC current is applied to advanced high strength steel (AHSS) to
reduce the deformation resistance of DP780 steel [58]. A thin isolation plate was
placed between the two sheets in order to avoid current flow in the aluminium
sheet. The new technology increased the joint strength significantly when the
harder material is at the bottom. Obvious effects on undercut, rivet head height,
rivet flaring and bottom thickness are observed in Fig. 2.2.3 [58].

Fig. 2.2.3 The effect of DC current on riveted joints of 2 mm AA6061-T6 + 1.25
mm DP780 (a) a SPR joint and (b) an Electro-Plastic SPR joint at 1005° C [58].
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Impulse self-piercing riveting process

This is a high speed SPR aimed to reduce distortion of the top sheet [59]. The
joints are produced without a C-frame to avoid deflection and sometimes gun
powder is used to achieve the high impulse [59, 60]. It is clear from Fig. 2.2.4 that
the Impulse SPR cuts the top sheet at an early stage but the conventional SPR
stretches the top sheet to a large extent. The top sheet is dragged down by the rivet
tip in conventional riveting speed and the deformation rate is much higher in
Impulse SPR and the strength was also found to be higher than that for
conventional SPR because of less stretching of both the top and the bottom sheets
[59]. The geometric dimension is significantly changed from the conventional
speed of 10 mm/s and few differences were observed between speeds of 10 and
100 m/s [60].

Fig. 2.2.4 The influence of the riveting speed on the quality of joints [60].
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Hydro-formed self-piercing riveting process

In the Hydro-formed SPR high pressure fluid is used instead of the die set, as
shown in Fig. 2.2.5 [61]. The high pressure fluid prevents excessive bending of
hydro-formed sheet. Thus deformability of sheets is increased and the operating
window can be widened by this method. The flaring mainly depends on the
pressure of the fluid and the rivet’s geometrical shape. A linear relationship was
found between the interlock and fluid pressure [61].

Fig. 2.2.5 Operational sequence of Hydro-Self-Pierce Riveting [61].

2.2.6

Hybrid self-piercing riveting process

To improve the performance of an SPR joint in shear loading, adhesives are used
in conjunction with the SPR, which is known as Hybrid joints [62-64]. However,
the use of adhesive may lead to unwanted deformation of the top and bottom
sheets and create an undesired joint. A schematic of the influence of adhesives on
SPR joints is drawn in Fig. 2.2.6 according to Hahn and Wibbeke [65]. They
optimized the process for hybrid joining in three stages. In the first stage they
increased the hardness of the rivet. In the second stage they reduced the clamping
force and increased the joining speed. Finally, they applied all these together and
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they found an optimized joint with good interlock [65]. The effect of adhesives on
the joint quality and performance will be presented in section 2.9.10.

Fig. 2.2.6 Schematic optimization process of a hybrid joint.

2.2.7

Joint design modification in SPR process

Here the joint design is modified by including two flat washers; one is on the top
of the top sheet and another is underneath the bottom sheet, as shown in Fig. 2.2.7
[66]. The need here is driven by carbon fibre reinforced material (CFRP), e.g. to
suppress the delamination of CFRP laminates at the point of piercing. The
strength of this modified SPR joint was compared with a bolted joint and it was
observed that the modified SPR joint showed a better strength.

Fig. 2.2.7 Cross-section of a jointed CFRP by the modified SPR process [66].
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The Quality of a SPR joint through cross-section

In general, the quality of a SPR joint is evaluated in four stages: at first by visual
inspection of the joint, secondly by inspecting the cross-section of a joint, thirdly
by evaluation of the static strength in different loading conditions and finally by
examining the fatigue life of the joint. Fig. 2.3.1 shows the geometrical quality
parameters in an SPR joint. It should be noted that the schematic is drawn by
considering the following assumptions:


No bulging or buckling of rivet column during riveting.



The joint button completely fills the die cavity.

Fig. 2.3.1 Schematic cross-section of a riveted joint showing the geometrical
quality parameters.
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A good SPR joint should have the following quality features, as shown in Fig.
2.3.1 [67-73]:


Rivet head height (Y) should be very close to zero.



There should be no gap between rivet head and top sheet (Q1) and between
top and bottom sheet (Q2). This is necessary to avoid corrosion and to
improve fatigue life of the joint.



A minimum of bottom thickness (b) of 0.15 mm is necessary [68]. The
risk of crack in the bottom sheet and the exposure the rivet leg in the
environment will increase if the bottom thickness is reduced.



The undercut (u) should be more than 0.1 mm [68]. The mechanical
interlock heavily depends on this.



Good interlock of rivet in the bottom sheet (teff) and rivet flaring (x). This
will increase the joint strength.



Minimum collapse or buckling of rivet leg.
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Mechanics of joint formation and characteristic forcedisplacement curve

The mechanics of the SPR joining process can be described by the characterizing
the force-displacement curve (Fig. 2.4.1) by measuring the force and displacement
of the punch [16, 74, 75]. The force-displacement curve is segmented in four
different stages. These stages are: Stage I- bending, Stage II- Piercing of top sheet,
Stage III- Die filling and Stage IV- flaring and rivet setting [15, 16, 76].

Fig. 2.4.1 Typical four stage force-displacement curve describing the joining
mechanism [17].

During the first stage, the metal sheets bend, but no failure occurs as the stress
generated during this period is below the ultimate strength of the material [16, 58,
77]. The thickness and hardness of ply materials play a very important role in the
force developed in this stage: the thicker and harder the ply material the higher is
the force [1, 78]. A 15% increase in force for a 25% increase in thickness was
reported by King [1] for a joint of aluminium alloy 5251-H3. Riveting at an
elevated temperature, which softens the materials, can lead to lower force during
this stage [79].
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During the second stage, the rivet pierces the top sheet. As soon as the force
reaches the ultimate strength of the material, failure is initiated in the top sheet
and piercing begins. The force is almost constant during this stage for a given
total stack thickness. The thickness of the top sheet mainly influences this stage
and other parameters such as bottom sheet thickness, rivet length, diameter and
hardness, and die profile have negligible effect on this stage [16, 58, 77].
During stage III, the die recess volume is largely filled. As a result the die volume
is the most significant parameter at this stage. The force increases roughly linearly
with displacement during this period. Rivet hardness and length, and the bottom
sheet’s hardness are the three main factors that affect this period of the curve [77,
80-82]. The shank of the rivet remains straight during this step and rivet bulging
occurs when the sheet is too hard compared to the rivet hardness, or when the
rivet is too long compared to the joint stack thickness [15].
Stage IV is the most crucial part of the SPR process as mechanical interlocking
takes place during this stage by rivet flaring. The mechanical interlock occurs if
the rivet penetrates and flares into the bottom sheet, but if flaring occurs between
the top and bottom sheets (when the length of stage III is too small) no interlock
would form [16, 50]. The force increases with a high gradient, continuously
pushing the cylindrical wall of the rivet to flare outwards, which gradually forms
the interlock by this outward deformation of the rivet wall (rivet flaring) and
compression of the sheets in the die recess and rivet bore.
A missing rivet, double rivet or other process faults can easily be identified by
analysing the force-displacement curve. An axial misalignment may increase the
force at stage I and II, as reported by Hou et al.[16]. A planar misalignment can
lead to a significant increase in force during the third and fourth stages [16]. As a
result this curve can be used for the quality monitoring of a SPR joint.
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Quality monitoring of a SPR joint

The quality of a SPR joint is monitored by both destructive and non-destructive
methods. A SPR joint is cross-sectioned for the destructive method and the nondestructive methods include: force-displacement curve, ultrasonic method, and
visual inspection through a high speed camera.

2.5.1

Destructive method by having a cross-section

In the destructive method the joint quality is evaluated by having a cross-section
of a joint. Major defects that would lead to a failure of a joint are (Fig. 2.3.1):


Large gaps under the head of the rivet i.e. poor top seal.



Obvious breakthrough of the rivet tail through the bottom sheet of
material.



Serious collapse of the rivet legs.



Poor interlock of the rivet tail in the bottom sheet of material.



Large cracks in the rivet tail.

2.5.2

Non-destructive method (NDT)

In general the quality of a SPR joint is mainly evaluated by observation of a crosssectioned joint. However, for industrial automation a couple of non-destructive
techniques for quality monitoring are developed. The following notes compare the
force-displacement curve, ultrasonic measurement and visual measurement by
camera.
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Quality evaluation by force-displacement curve

The widely developed method is to establish a force-displacement curve for an
optimum joint and then compare the force-displacement curve of each produced
joint with the optimum one [16]. King [1] in his thesis proposed to study six
different points (P1- P6) on the force-displacement curve of a joint for the quality
monitoring, as shown in Fig. 2.5.1. Upper and lower limits of these positions can
be defined and if the force-displacement curve of a joint falls within these limits,
the joint may pass. An automated quality monitoring by comparing the forcedisplacement curve was developed by He and co-authors [83-85] and they
concluded that the process is capable of monitoring the quality with high
accuracy.

Fig. 2.5.1 Six positions of the force-displacement curve for monitoring the quality
[1].
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Ultrasonic and T-sonic quality monitoring

A new method for non-destructive quality assessment of SPRs using ultra-sound
was developed by Stepinski [86]. The rivet inside the joint was inspected by
sending an ultrasonic continuous wave at a predetermined frequency (Fig. 2.5.2).
The quality of the rivet was evaluated by monitoring variations in the transducer’s
electrical impedance. Hewitt and co-authors [87] at Warwick University (UK)
tried to apply Tsonic waves to measure the quality. However, the level of
significance was not large enough to provide a confident result.

Fig. 2.5.2 Operating principle of quality monitoring (a) T-sonic [87] and (b)
ultra-sonic transducer [86].

2.5.2.3

Online visual quality monitoring

A NDT method to determine the common mistakes (such as no rivet or 2 rivets in
one place) was developed by using computer vision, camera and laser line
generator [88, 89]. It was also possible to measure the joint thickness accurately
by this method. The status of the rivet can be identified using common image
processing and the common failures (which may compromise the mechanical
interlock) that occurred in the industry can be avoided. Another technique based
on digital image correlation (DIC) was developed by Sadowski and Knec [90] to
observe the deformation behaviour of the SPR process in many applications.
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Factors affecting the quality of a SPR joint

Several parameters affect the quality of a SPR joint such as rivet, die, material etc.
The effect of the rivet diameter and length on rivet flaring and setting pressure
was described by King, Fu and co-authors [1, 78, 91]. The rivet should have
enough strength to pierce the top sheet [92-94]. The rivet coating is important to
protect from corrosion [7, 8, 95]. Optimized rivet geometry is required,
particularly the radius under the rivet head and the profile of the rivet leg for a
good quality joint. The optimization of the rivet head radius reduces the residual
stress and improves the top seal, and optimization of the rivet leg increases the
piercing capability and flaring [96, 97]. However, the residual stress can be
reduced by coining after the riveting operation, which would increase the fatigue
life of SPR joint [98].
The blank holder is also an important process parameter of riveting [99]. The
diameter and pressure of a blank holder highly influence the distortion on the
global assembly of a SPR joint [100, 101]. The distortion can be greatly reduced
by increasing the pre-clamp pressure [69, 102].
The hardness and thickness of sheet material are the most significant factors that
affect the quality of the joint [103, 104]. Ageing, pre-straining and paint baking
can change the hardness and ductility of a material, hence it can alter the quality
[105, 106]. It is suggested that an increase in pre-straining can decrease the
interlock and increase the head height [107, 108]. The piercing direction (riveting
order) can improve the join-ability by increasing the flaring (Fig. 2.3.1) and the
effective length of the rivet in the bottom sheet [109, 110]. The effect of the edge
distance on the quality of the joint is shown in Fig. 2.6.1 [111]. A minimum of
11.5 mm edge distance is suggested to create a quality joint.
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Fig. 2.6.1 Joint cross-section depending on edge distance [111].

The addition of a coating, adhesive and lubricant can effectively change a friction
coefficient, and thus affect the quality [70, 112]. The effect of a coating on the
quality parameters (setting pressure, head height, interlock and remaining bottom
thickness, as shown in Fig. 2.3.1) of an aluminium joint are summarized in Table
2.6.1 [70]. The coating thickness can be reduced by using a polyester coating or
cadmium plating and the selection of coating obviously depends on surface
appearance, cost and availability [13]. In order to achieve satisfactory joint results,
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the SPR process needed different setting parameters for uncoated and coated
sheets [113]. The presence of a lubricant coating could delay the onset of fretting
damage leading to longer fatigue life [67, 114]. The addition of adhesive can
greatly improve the performance of a SPR joint [115-117]. However, optimization
of rivet and die geometry as well as riveting pressure is required when an adhesive
is used in SPR [118].

Table 2.6.1 Measurement results for coated and un-coated specimens [70].

Condition

1
2
3

Top /
Bottom
sheet
1.8 mm
NG 5754 /
1.2 mm
HSLA
2 mm NG
5754 / 2.5
mm HSLA

Die
diameter

Head
Specimen

(mm)
9
10
9

height
(mm)

E-coated/
Un-coated
E-coated/
Un-coated

Interlock
(mm)

Remaining
material
(mm)

0.03/0.08

0.47/0.34

0.05/0.29

0.05/0.08

0.30/0.25

0.24/0.28

1.07/0.91

0.22/0.59

Zn-plated/

-0.10/-

Un-coated

0.08

In SPR two types of dies are used: flat and profiled. For a flat die, diameter and
depth are considered as the process parameters [119]. However, in profiled dies,
two additional parameters are considered along with diameter and depth: height of
the die pip and sharpness of that pip [120]. A schematic of die parameters is
shown in Fig. 2.6.2.
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Fig. 2.6.2 A schemaric of different dies
The SPR process can be optimized by changing the die parameters [121]. A
proper die can greatly increase the join-ability by increasing the rivet spread ratio
(RSR) and reducing cracking in the bottom sheet [122]. RSR is defined as the
ratio of deformed and initial rivet diameter (

in Fig. 2.3.1). A high

central pip of the die makes the specimen stiffer, thus an increase in force is
observed [16, 80]. The rivet flaring increases with the central pip height but at the
same time the possibility of cracking at the die side increases [123]. So it is
suggested that when the height of the die pip increases a reduction of sharpness of
that pip is necessary [124, 125].
The punch pressure and speed greatly influence the SPR quality. Excessive
pressure may lead to a crack in the joint and too low pressure may lead to an
incomplete joint [126]. The riveting pressure should be determined by several
factors: die profile and depth, material hardness and thickness, rivet hardness and
length, and the finished head height required [78]. The punch speed can change
the geometrical shape of a joint because at high speed dragging of the top sheet is
greatly reduced [59].
The parameters that can affect the quality of a joint are summarized in Fig. 2.6.3.
However, the C-frame deflection also influences the quality and it is necessary to
investigate the effect of C-frame deflection on joint quality [1].
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Fig. 2.6.3 Factors that can affect the quality of a SPR joint
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Assembly distortion

The SPR process requires significant plastic deformation of material, especially at
the bottom sheet. As a result, distortion occurs during the process. An
examination by Cai et al. [17] of the assembly distortion due to a single riveted
joint is shown in Fig. 2.7.1. The material was aluminium alloy AA 5754 with
different thicknesses from 1 mm to 5 mm, and rivet lengths ranged from 3 mm to
9 mm. The results showed that the distortion was higher at the top sheet compared
with the bottom sheet. However, the amount of distortion was negligible at a
distance of 50.4 mm (2 inch) from the rivet. A semi empirical model with
experimental distortion as an input during the design stage was used to predict the
global distortion for an aluminium rear door sub assembly by Cai et al. [17].

Fig. 2.7.1 Assembly dimensional prediction of a single riveted joint [17].
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It was suggested that the dimensional accuracy of a global assembly due to the
local distortion should be addressed [73, 127]. A finite element model was used to
determine the distortion in the global assembly by Mastres et al. [128] and the
direction of the distortion was predicted successfully. The distortion depends on a
number of design and process factors, including die volume, rivet length and
gauge combination [17]. However, clamping force (depends on the diameter and
pressure of the blank holder) was found to be most influential in reducing the
distortion to zero, as shown in Fig. 2.7.2, and the sheet size (width and thickness)
has a minor effect [99].

Fig. 2.7.2 Assembly distortion depending on clamping force [99].
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Join-ability

SPR technology is capable of joining a vast range of dissimilar materials. SPR
joining of magnesium, aluminium, mild steel, advanced high strength steel,
carbon fibre reinforced polymer (CFRP), basalt fibre reinforced polymer (BFRP)
and light weight polymeric cored laminate (Hylite LSS) sandwich has been
investigated [62, 64, 122, 129, 130]. The definition of defects is shown in Fig.
2.8.1a and a joint is called good when the fastening does not have any of these
defects [131].

Fig. 2.8.1 (a) Definition of defects, (b) aluminium to steel and (c) steel to
aluminium join-ability [131].

A join-ability experiment was conducted by Abe et al. [121, 131, 132] and the
joining experiment was conducted on ultra-high strength steel with aluminium and
the thickness ranged from 1 to 2.5 mm. Penetration through the bottom sheet
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occurred for small total thickness and long rivet, and necking of the bottom sheet
occurred for thin bottom sheet [121]. The join-ability is plotted as a function of
top and bottom sheet thickness in Fig. 2.8.1. It is clear that the join-ability
increases when the softer sheet is placed on the die side and it is suggested that the
harder sheet should be placed on the top [71, 131]. However, this suggestion is in
contradiction with the industry rule of thumb [18, 46], and Bouchard [133],
Chenot [134], Huang [135] and co-authors, who suggested placing the harder
sheet on the die side. However, die optimization is required to improve the joinability [121]. The join-ability and performance can also be enhanced by
optimizing the rivet length [136].

2.9

Static strength

The strength of a SPR joint depends on many factors such as the width, thickness
and material properties of the joining sheets and properties of the die and rivet
[137-139]. The strength also depends on loading condition, joining orientation of
single and double rivets, and width of the specimen [140-142]. Each of the
parameters that affects the static strength is described below.

2.9.1

Loading condition

The loading condition is the first parameter that affects the strength of a SPR joint
[143]. Five different loading conditions were identified for a single point riveted
joint: coach-peel, cross-tension, lap-shear (also known as tensile-shear), pure
shear and push-out (Fig. 2.9.1). Among these, the strength was lowest for the push
out test and highest for the pure shear condition [1, 136].

In the lap-shear

condition the bearing load was mainly transferred by the rivet but in cross-tension
the bearing load was mainly transferred by the shearing between the rivet leg and
materials [67, 136]. As a result the energy absorption and load were higher for
lap-shear than cross-tension. The coach-peel strength was even lower than in
cross-tension as rivet rotation occurred due to the bending moment. The same
behaviour of strength is followed for a three-sheet SPR joint (Fig. 2.9.2).
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Fig. 2.9.1 All possible loading condition for static strength examination (a) coachpeel, (b) cross-tension, (c) tensile-shear, (d) pure-shear [144], (e) push out [1].

Fig. 2.9.2 (a) Lap-shear (b) Coach-peel loading condition and (c) Joint strength
depending on the loading condition and joint configuration [137].
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Joint design

All the possible joining design for single and double riveted joints are shown in
Fig. 2.9.3. The strength of a double riveted joint was no better than a similar
single-rivet joint for the same value of applied stress per rivet [145]. For a double
riveted joint (length-wise), the highest strength is exhibited when the rivet heads
are close to the loading ends, ‘Type B’ as shown in Fig. 2.9.3e. Rivet pitch
influences the strength of a double riveted joint (both length-wise and widthwise). The strength of the joint was highest when the rivet pitch equals half of
width and half of overlap for width-wise and length-wise double riveted joints,
respectively [111, 140, 146]. However, these conclusions are only for the similar
material (AA 5754) with or without different thicknesses. For the double riveted
joints, the rivets are placed in the middle of the width in the length-wise
orientation (Fig. 2.9.3d), but in the width-wise orientation (Fig. 2.9.3c) the rivet
pitch was varied by changing the edge distance. The strength of the joint was
highly dependent on the edge distance. An optimum edge distance of 11.5 mm
(half of the pitch) was suggested to achieve a good performance and a minimum
edge distance of 8 mm (outer radius of die) was required to maintain a reasonable
fatigue resistance [140].
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Fig. 2.9.3 All possible joining orientation for single and double rivet in lap-shear loading condition (a) experimental [141], (b) schematic of
single riveted joint , (c) Schematic of double riveted joint in width-wise [111], (d) schematic of double riveted joint in length-wise [147]
and (e) schematic of double riveted joint in length-wise with different piercing direction [145].
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Width sensitivity analysis

In spot welding the failure mode depends on the width of the specimen. Zhou et
al. [148] studied the width sensitivity analysis and concluded that for a fixed weld
diameter the probability of getting a desired failure mode depends on the width of
the specimen (Fig. 2.9.4c). A schematic of undesirable failure mode is drawn in
Fig. 2.9.4b. This is undesirable because sheet fractured occurred instead of failure
in the joint button [148].

Fig. 2.9.4 (a) Width sensitivity analysis [68], (b) undesired failure mode [148]
and (c) probability of getting desirable failure modes. Marks 1 and 2 indicate the
(minimum) widths to achieve desirable failure modes for welds with 4 and 8mm
diameters [148].

Xu [68] examined the effect of specimen width on SPR joint strength in lap-shear
loading (see Fig. 2.9.4) and found that if the specimen width lies between 30 mm
and 150 mm (the length of the specimen) the probability of giving a desired
failure mode is 100% and in all other cases the joint would show an unexpected
failure mode . If the width is too small compared with the length (150 mm) the
chance of absorbing the impacted energy is less, which may lead to undesirable
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failure mode (see Fig. 2.9.4). The author [68] suggested an overlap equal to the
width of the specimen in order to obtain a good result. A literature survey shows
that different researchers used different lengths, widths and overlaps. The
specimen sizes for the static strength used by different authors are summarized in
Table 2.9.1. However, most of the authors maintained the overlap equal to the
width.

Table 2.9.1 Specimen sizes for single point lap-shear condition
Length (mm)
200
192.5
152.5
150
135
125
122.5
120
114.3
111.5
110
105
104.78
100.2

Width (mm)
50
25
60
29
50
36
40
60
30
25.4
48
20
45
34.93
25.4
40

100

30
28
25

90
80
62.5
59
52.5

20
40
38
25
38
48

Overlap (mm)

Reference

80
50
90
45
25
50
36
40
45
30
31.75
23
20
20
31.76
25.4
40
30
30
40
50
25
15
30
20
25
38
20

[149]
[62]
[147]
[67, 105, 150]
[106, 151]
[22, 24, 25, 109, 136, 152]
[66]
[110]
[114, 153, 154]
[1]
[13]
[111, 140]
[83]
[100, 155]
[79]
[91, 156]
[81, 141]
[4, 70, 137]
[74, 75, 157]
[58]
[64, 146, 158, 159]
[160, 161]
[26]
[103]
[123, 162]
[163]
[33]
[67]
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Failure mode

The failure mode of an SPR joint is basically pull-out of the rivet either at the top
sheet or the bottom sheet [74, 136]. However, a closer look demonstrates that
tilting of the rivet occurs as well with the rivet pull-out [164-167]. In some cases
failure occurred in the sheet material [111, 140, 156]. Examples of different
failure modes are shown in Fig. 2.9.5.

Fig. 2.9.5 Different failure modes (a) Tilting and pull-out of the rivet from the
bottom sheet with additional pull out of the rivet head from the top sheet [166],
(b) Tilting and pull-out of the rivet head from the top sheet [166], (c) Pull-out of
the rivet from the bottom sheet [166], (d) Pull-out of the rivet from the top sheet
[166], (e) mixed failure of (a + c) [166], (f) mixed failure of (b + d) [166], (g)
failure in the top carbon fibre sheet [64] and (h) pull-out of the rivet from the top
sheet with fracture in the sheet [64].
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The failure mode changes for various reasons: static or fatigue loading [121],
coating and lubricant on sheet material [113], width of the specimen [68] and
sheet material properties [168]. The failure mode changes from tail pull-out to
head pull-out when a fatigue load is applied instead of a static load [121] or when
a very thin top sheet is used [168]. Material failure occurs instead of tail pull-out
when a fatigue load is applied [146]. However, the opposite phenomenon is
observed (the failure mode changes from material failure to pull-out) when heat is
applied prior to riveting [49, 50]. The fibre orientation of CFRP laminate can
change the failure mode: material failure occurred in cross ply fibre orientation
and pull-out failure occurred for angle ply fibre orientation [64]. A failure map
has been developed by Calabrese et al. [160] with respect to the top sheet
thickness. Occasionally, rivet failure occurs when a very soft and long rivet is
used or when the riveting pressure is too high [67, 169].

2.9.5

Joint strength prediction

Sun and Khaleel [136] have studied the rivet joint and proposed an empirical
equation to estimate the static strength of the joint in cross-tension loading
assuming that the rivet periphery was under perfect axisymmetric loading just
before failure. They also assumed that sufficient interlock had been achieved
during the riveting process. Equations (2.9.1) and (2.9.2) are their proposed
equations.

where

and

ɳ

(2.9.1)

0.7ɳ

(2.9.2)

are the joint strength for head pull-out and tail pull-out failure,

respectively. ɳ and ɳ are empirical coefficients of material degradation due to
piercing process for the head and tail sides, respectively.

and

are empirical
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coefficients of the thickness reduction for head and tail side materials respectively
(Fig. 2.3.1). Nine different cases consisting of different thicknesses and grades of
aluminium and steel were examined to validate this strength estimator. The static
tensile strength was determined by the lower value of

and

, which can be

expressed as:
=min (

,

)

(2.9.3)

A different approach was taken by other researchers to estimate the joint strength
[167, 170, 171]. They followed the design formulae proposed by Eurocode 9
(prEN1999-1-4) [172] based on the theoretical background of failure of joints.
Their proposed equation is of the form:

√

(2.9.4)

where

is the joint strength,

loading,

is the ultimate tensile strength, D is the initial undeformed rivet

is the empirical coefficient for the tensile

diameter and t is thickness of the top and bottom sheet for head and tail pull-out,
respectively. Another different approach to strength estimation, depending on the
head height (Y in Fig. 2.3.1) was studied by Matsumura et al. [31]. They used 1.3
mm aluminium (AA 6000 series) as the top sheet, 0.65 mm soft mild steel as the
middle sheet and 1.2 mm high strength steel (yield strength 590MPa) as the
bottom sheet. They concluded that for a large head height (Y) the failure mode is
head pull-out and the strength is low. The strength increases with a decrease in
head height to a certain limit. The strength decreases for further reduction in head
height and the failure mode changes from head pull-out to tail pull-out.
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Effect of sheet material properties

Sheet material properties play a very important role on the static strength of a
riveted joint. Rivet head pull-out occurred for a thin top sheet while tail pull-out
occurred when the top and bottom sheets were of same material and thickness
[121, 136, 168]. A failure map is proposed by Calabrese et al. [160] focussing on
the top sheet thickness, as shown in Fig. 2.9.6. They used aluminium alloy
(AA6082) of four different thicknesses (1, 1.5, 2 and 3 mm). A 6.5 mm rivet (460
HV) was used to join a stack thickness of 3 and 4 mm. The specimens were aged
for 60 days using an automated immersion tank. The ageing conditions were
controlled at a temperature of 27ºC with a relative humidity of 45%. The materials
were cyclically exposed to air for 50 minutes and then immersed in NaCl solution
(3.5%) for 10 minutes. Failure in the sheet occurred for a very thin top sheet, head
pull-out occurred with a thin top sheet, and tail pull-out occurred for a thick top
sheet. However, the failure mode changes due to ageing of materials because of
softening, which ultimately affects the magnitude of the joint strength [160]. A
reduction in joint strength was observed due to the paint-baking of material [67].

Fig. 2.9.6 Simplified failure map for net-tension and pull-out mechanisms for lapshear loading condition: corrosion effect [160].
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Effect of piercing direction

The joint strength can be optimized by changing the piercing direction [132, 173].
Sun and Khaleel [109, 136] have studied a joint of 2 mm Al 5182-O and 1 mm
HSLA 350 with a 6 mm long rivet (480HV). The joint strength was increased
from 2.9 kN to 4.9 kN when the 1 mm steel was placed on the top instead of
bottom. For the same material combination and same rivet, having the harder
material on the riveting side (where the rivet head is situated) gave higher strength
[152, 174]. When the soft material is placed in the die side (A5052-H34 + Mild
steel SPCC joint) a much better clinched structure is achieved, which improved
the joint strength [121, 131]. For the same material combination (AA 5754)
placing the thicker sheet on the top (2 + 1 mm joint) can absorb more energy [68].
However, the piercing direction depends on the accessibility of the riveting Cframe in the industrial environment.

2.9.8

Effect of rivet properties

Fu and Mallick [91] reported the effect of rivet hardness on the strength of a SPR
joint. By analysing variance (ANOVA) they found that the contribution of the
rivet hardness to the strength of the joint was only 4.53%. In their experiments
they used 4 and 5 mm long rivets for joining 1 + 1 mm Al 5754-O and 6 and 6.5
mm long rivet for joining 2 + 2 mm Al 5754-O. However, they considered only
three levels of hardness: normalized (rivet as produced, without any heat
treatment), 410HV and 480HV. A long rivet with a large diameter can absorb
more impact energy [68, 109]. Xu [68] in her thesis examined the effect of rivet
parameters (diameter and length) on joint quality and strength. Aluminium alloy
AA 5754 was used with four different thicknesses (1, 2, 3 and 4 mm) and a 480
HV rivet was used. A 3.3 mm diameter and 5 mm long rivet was used to join 1 +
1 mm, 1 + 2 mm, 2 + 1 mm and 2 + 2 mm joint. Again a 5.3 mm diameter rivet
with two different lengths (5 and 6.5 mm) was used to fasten 1 + 1 mm, 1 + 2 mm,
2 + 1 mm and 2 + 2 mm joint. A significant increase in joint strength was
42

Literature review

Chapter 2

observed for the larger diameter and long rivet. Sun and Khaleel [109] optimized
the performance of the riveted joint by increasing the rivet length. They used a
480 HV rivet to join 2 mm AA5182-O (top sheet) + 1.6 mm DP600 (bottom
sheet) with two different lengths (6 and 6.5 mm). The joint strength was increased
from 3.7 to 5.3 kN for the 6.5 mm rivet. However, a longer rivet requires more
volume to be displaced, which can affect the residual stress developed inside the
joint and ultimately affect the joint strength [96, 97, 134].

2.9.9

Effect of die profile

Die volume and shape greatly influence the energy absorption and strength of a
joint [68, 69, 81]. Rivet spread ratio increases as die diameter increases and die
depth is reduced for bulk aluminium specimens, as a result, the strength increases
[67, 122, 155]. A very limited amount of literature is available that investigates
directly the joint strength depending on die profile. This is due to the fact that an
inappropriate die can cause crack failure in the bottom sheet during the joining.

2.9.10

Effect of adhesives

The use of adhesive with SPR produces optimum joint performance and is known
as a hybrid joint [3, 4, 63]. The combination of SPR with adhesive is also known
as riv-bonding [4]. Typically a single-part heat-curing toughened epoxy is used as
adhesive and the curing is carried out during the paint bake cycle [2]. The
adhesive layer becomes dominant in shear loading and the SPR gives the interlock
[4, 18]. Briskham et al. [4] studied the effect of adhesive on joint strength of 3-ply
(2.0 mm 5754-O + 1.5 mm 5754-O + 2.0 mm 6111-T4P) and 4-ply (2.0 mm
5754-O + 1.5 mm 5754-O + 1.8 mm 5754-O + 2.0 mm 5754-O) SPR joints in lapshear loading. They used single-part epoxy adhesive (Dow-Betamate 4601) and
the adhesives were cured at 180ºC for 25 minutes, which represents a typical
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paint-bake cycle used in automotive industries. The joint strength increased
significantly (more than double) due to the addition of adhesive in both cases.
Durandet et al. [54] suggested that adhesive may be used in conjunction with the
laser assisted SPR because of very low radial variation of temperature from the
centre to the edge of the heated spot produced by the laser beam. The adhesive
improves the joint quality even when it is used in the joining of composites [62,
64].
Fiore et al. [62] presented the influence of adhesives in joining of basalt fibre
reinforced polymer (BFRP) with aluminium. In their investigation, two different
thicknesses of BFRP (2.12 mm when fabricated by hand-lay-up technology and
1.33 mm when fabricated by vacuum-bagging technology) was used as top sheet
and 2 mm AA6082-T6 was used as a bottom sheet and a 6.5 mm long rivet was
used to join them. Epoxy resin (SP 106) was used as adhesive and the curing was
conducted at 25ºC with a relative humidity of 40% for 48 hours. A significant
increase in joint strength was observed due to the addition of adhesive.
Similar results were obtained by Franco and co-authors [64] when joining carbon
fibre reinforced polymer (CFRP) with aluminium. In their experiments they used
a 6.5 mm rivet to join 1.5 mm CFRP with 2.7 mm AA2024-T6. The epoxy was ISX10 and cured at 25ºC with a relative humidity of 30% for 24 hour.
The joint strength was increased by 64% when adhesive was used in conjunction
with SPR. However, in the crushing test (velocity of 5.8 m/s), the addition of
adhesive does not make any significant difference [175]. They used two part
methacrylate (PLEXUS® MA822) as structural adhesive and a 5 mm long rivet
was used to join 1 mm SPCEN (cold rolled coil) with 1 mm Al 5J32-T4. The
curing was conducted at room temperature (25ºC) for 15-20 minutes.
Sun and Khaleel [152] concluded that the inclusion of structural adhesive
dramatically increases the joint strength for both static and dynamic loading
especially in the lap-shear condition. They made three different joints (2 mm Al
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5182-O + 1 mm HSLA 350, 1 mm HSLA 350 + 2 mm Al 5182-O and 2 mm Al
5182-O + 1.6 mm DP 600 with 5, 5 and 6 mm long rivet respectively) with Dow
Betamate 4601 as structural adhesives and the strength examination was
conducted at three speeds; static (strain rate of 10-4s-1), 4.47 m/s and 8.94 m/s.
The load-displacement curve of a hybrid joint showed a different shape as the
failure of the adhesive layer occurred in a brittle manner [118]. However the
addition of adhesive requires optimization in die and rivet geometry and rivet
setting pressure [65, 176]. It is suggested that the adhesive layer should be
controlled properly to 0.1 mm thickness [118]. In general, the addition of adhesive
increases the joint strength of SPR in any loading direction [177, 178].

2.9.11

Dynamic behaviour

The effect of test speed on a joint’s ductility and peak strength can be obtained by
a dynamic joint strength test. The mechanical behaviour of metals differs from
quasi-static to high strain rate loading [152, 173]. A comparison of load vs.
deformation curves for static and dynamic behaviour in the lap-shear condition for
a joint of 1.0 mm HSLA 350 + 2 mm AA 5182-O is shown in Fig. 2.9.7a. The
joint strength increases with the increase in test speed from static to 4.47 m/s
(10mph). No further increase of strength is seen from 4.47 m/s (10 mph) to 8.94
m/s (20 mph), although displacement to failure decreased with increased test
speed throughout this range [152].
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Fig. 2.9.7 (a) Dynamic behaviour of SPR joint depending on loading speed [152]
and (b) relationship between energy and speed [151].

Tileli [72], Porcaro [179], Presz [180] and co-authors found that the peak load
was similar in both the static and dynamic condition but the average load was
reduced in the quasistatic condition. A correlation was developed between the
energy absorption and the speed by Wood et al. [151] as shown in Fig. 2.9.7b. The
joint was created by 2.5 + 2.5 mm aluminium alloy (A 5754) with a 7 mm long
rivet having a hardness of 410 HV. The dynamic strength examination was
performed at 5 different speeds (0.01, 0.1, 0.5, 2 and 5 m/s). The joint strength
was practically constant below the speed of 0.5 m/s. The reduction of joint
performance at high speed was attributed to the lowering of frictional force
between rivet and sheet material because the friction decreases with the increase
in sliding speed [151].
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Fatigue strength

SPR is considered to be an alternative to spot welding. After much research in this
area it is believed that SPR gives joints of comparable static strength with superior
fatigue behaviour to spot welding [14, 47, 181]. All the factors that affect static
strength also affect fatigue strength [161, 182]. Additionally, maximum load and
load ratio (

) and fretting wear affect the fatigue life of a SPR joint [114,

154, 156]. Different aspects of fatigue life are described in the following sections.

2.10.1

Crack initiation and propagation

To understand the fatigue characteristics of a SPR joint it is necessary to identify
the crack initiation and propagation path. Khanna et al. [161] examined the fatigue
behaviour of the SPR joints of aluminium sheets (5754-O) of different thickness
(1+1, 1 + 2, 1 + 3, 1.5 + 1.5, 2 + 2 and 2.5 + 2.5 mm ) for both coach-peel and
tensile shear conditions with a tensile-tensile force and testing frequency of 5 Hz
with two different load ratios (0.1 and 0.3). The maximum load was 450 and 571
N for load ratios of 0.1 and 0.3, respectively. For the same stack thickness, most
of the failure occurred at the top sheet (with the rivet head), but failure occurred at
the bottom sheet when this sheet was thin. Two possible sites of crack initiation
were observed: the interface between top sheet and rivet head and the interface
between top and bottom sheets. This could be the reason for the frequent failure in
the top sheet. While for a thin bottom sheet, failure occurred in the bottom sheet
because of its low tensile strength. The fatigue crack propagation path is shown in
Fig. 2.10.1a [161] where the crack initiated first from the location mark X (the
interface between top sheet and the rivet), rather than from Y (the interface
between top and bottom sheet). However, other study [156] showed that the crack
initiated from the location ‘Y’ as shown in Fig. 2.10.1b. Li et al. [111]
demonstrated that multiple crack may be initiated, as shown in Fig. 2.10.1c.
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Fig. 2.10.1 Crack initiation and propagation path in fatigue with load ratio R=0.1
(a) 1 + 1 mm AA6111 joint with a load of 2000 N after 2.4 x 104 cycles [161], (b)
2 + 2 mm AA5754 joint with a load of 810 N after 5792 cycles [156] and (c) 1 + 1
mm AA6111 joint with a load of 1650 N after 2.91 x 106 cycles [111].

2.10.2

Fretting fatigue

Fretting occurs at a very low level of load in fatigue [142, 145]. According to Han
and co-authors [150, 153, 154] fretting took place at the adjoining surfaces
between rivet and the two sheets, and fatigue crack tends to initiate at fretting
areas as shown in Fig. 2.10.2 with intimate mixing of debris occurring at critical
zones. They observed flange-face fretting at the interface between the sheets and
pin-bore fretting at the interface between rivet and two sheets.
Han [67] studied the effect of paint-baking on the fretting behaviour of riveted
joints of aluminium alloys for different thicknesses and material grades (2 + 2 mm
NG 5754, 2 mm AA6111 + 2 mm NG 5754 and 0.9 mm AA611 + 2 mm NG
5754). The NG 5754 sheet was coated with a wax based lubricant with a
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concentration below 1%. Three different loads (2.7, 3.6 and 4.5 kN) were
considered with a minimum load of 0.5 kN and the loading frequency was 20 Hz.
The paint-baking process led to removal of the wax-based surface lubricant and
fretting cracks therefore initiated at an earlier stage of the fatigue test and led to
debris containing oxides, which contributed to the initiation and propagation of
fatigue cracks [67].
Chen et al. [154] described the mechanism involved in the fretting wear of riveted
joints of aluminium alloy (AA 5754) and the alloy was coated with wax based
lubricant. In their experiment, they used a 7 mm long rivet to join 2 + 2 mm thick
joint. The fatigue test was performed at the same condition described by Han [67].
Fretting took place at two locations: at the interface between the top and bottom
sheet, and at the interface between rivet and bottom sheet. Several mechanisms
contributed to the fretting damage: a ploughing process during the initial stage,
followed by oxidation and then third body abrasive wear, and finally expansion of
the fretting scar during steady-state behaviour [154].
Han and co-authors [67, 107, 150] studied the work hardening of materials due to
fretting with an aluminium alloy joint (2 + 2 mm AA 5754). The fatigue tests
were performed at five different load levels ranging from 2.7 kN to 4.5 kN at a
frequency of 20 kHz and interval stops at different periods of time. They
concluded that fretting led to work hardening at the surface of the riveted sheets.
The depth of work-hardened area below the fretting interface after different
periods of fretting represented the damage as a result of fretting fatigue.

49

Literature review

Chapter 2

Fig. 2.10.2 Fretting scars and fracture on the interface between riveted sheets for
4.9 × 105 loading cycles at 3.6 kN in a joint of 2 + 2 mm AA 5754 [154].

The interfacial condition between the sheets influences the fretting properties.
Three different interfacial conditions were examined by Han et al. [114] for the
same material thickness (2 + 2 mm AA 5754 joint with 7 mm long rivet):
lubricant-coated, plain surface and PTFE tape (0.2 mm) insert. A change in
interfacial condition can have an effect on the friction coefficient. Friction
coefficient was measured using a direct shear apparatus and the maximum friction
coefficient was determined for the lubricant coated (µ=0.26) while the minimum
was determined for the PTFE tape (µ=0.03), which is one order of magnitude less.
On the other hand, the friction coefficient for the plain surface was found to be
quite similar to that for the lubricant coated one, having a value of µ=0.24. The
fatigue test was performed at five cyclic load levels ranging from 2.7 kN to 4.5
kN at 20 Hz. The result obtained from this experiment showed that, for the same
maximum load, the overall fretting life increased with increasing friction coefficient. The failure mechanisms were also examined and it was found that the
lubricant coated and uncoated specimens failed in a similar way: at low load the
specimen failed by fracture of the sheet, but at high load failure occurred due to
rivet fracture [67, 114]. In contrast, rivet fracture was the only failure mechanism
observed for the PTFE specimen. At low load levels, the energy was transferred to
the sheet by the frictional force for lubricant coated and uncoated specimen, so the
failure occurred in the sheets. It was proposed that for the lubricated specimen the
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energy was first used to remove the lubrication followed by wear of the sheets.
For this reason lubricant coated gave a better fatigue life. In a joint, part of the
cyclic load is transferred by friction and the rest is transferred by bearing between
the rivet shank and the sheet adjacent to the rivet. When a fraction of load
transferred by friction is reduced, the bearing load on the rivet increases, which
leads to failure in the rivet [67, 114, 150].

2.10.3

Effect of material

The material properties have a similar effect on fatigue life as static loading: the
fatigue life of a SPR joint increases with increased thickness of material, as shown
in Fig. 2.10.3a [161]. The fatigue test was performed on an aluminium alloy
(6111) joint with different thickness combinations (1+ 1, 1 + 2, 1+ 3, 1.5 + 1.5, 2
+ 2 and 2.5 +2.5 mm) at 5 Hz with a maximum load of 571 and 450 N for load
ratios of 0.3 and 0.1 respectively. For a joint of identical total thickness, the joint
which had the same thickness of top and bottom sheets exhibited better fatigue
performance. The load ratio (

) also influences the fatigue performance

of a SPR joint. High load ratio resulted in longer fatigue life due to the joint
rotation during fatigue test [161, 168]. The presence of lubricant coating could
delay the onset of fretting damage leading to longer fatigue life [114].
In a cumulative fatigue test the sequence of loading is significant. Fu and Mallick
[156] performed a cumulative fatigue test on an aluminium alloy (6111-T4) joint
(1 +1 mm with 4 mm long rivet) at 20 Hz with 0.1 load ratio and the maximum
load was either 1601.3 N or 1067.5 N. The fatigue test was interrupted at different
periods (50, 75 and 90% of the fatigue life) and those specimens were tested in the
static condition at a strain rate of 0.02 mm/s. When the high load level was
applied first an improvement in fatigue life was observed due to the cyclic
hardening of sheets [156].
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Jin and Mallick [98] concluded that the fatigue life can be enhanced by coining.
They conducted their experiments on aluminium alloy (5754-O) with six different
thickness combinations (1 + 1, 1 + 2, 1 + 3, 2 + 2, 2 + 3 and 3 + 3 mm). The
fatigue test was performed at 15 Hz and the load ratio was 0.1 with a variety of
maximum fatigue stress ranges from 53.3 to 95.9 MPa. The coining was
conducted by a MTS servo hydraulic machine with a circular groove having a
width of 0.5 mm with two different inner diameters (10 and 12 mm).
Pre-straining of material can also improve the fatigue performance. Han et al.
[107] studied a joint of 2 + 2 mm NG 5754 joint (made with a 7 mm long rivet)
and the materials were pre-strained to three different levels (3, 5 and 10%). The
fatigue test was performed at 20 Hz with a range of maximum load from 2.7 kN to
4.5 kN. For each condition the minimum load was kept at 0.5 kN. They concluded
that increasing pre-straining led to a better fatigue performance due to the
reduction in the fretting scar.

Fig. 2.10.3 Fatigue load depending on (a) material thickness and (b) load ratio
[161].

Sun and Khaleel [174] studied the effect of common head/tail side materials in
SPR joints. Eleven different joint populations were studied, comprising four
different materials (AA 5182-O, SAE 1008, DP 600 and HSLA 350) and four
different thicknesses (1, 1.4, 1.6 and 2 mm). The fatigue test was performed at a
frequency of 20 Hz and the load ratio was 0.1 with a variety of loads applied until
a visible crack was observed. They concluded that one can estimate the fatigue
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strength of an SPR joint between dissimilar metals based on the known SPR
fatigue strength of known material combinations. For example, joint 1 and joint 2
(see Table 2.10.1) have the same top sheet (material A) and similar fatigue failure
mode (eyebrow cracking on the head side) and both joints exhibit very similar
fatigue strength. Again joint 3 and joint 4 have same bottom sheet and similar
fatigue failure mode (eyebrow cracking at the tail side). Based on these
observations, one can say that, joint 3 and joint 4 have very similar fatigue
strength.
Table 2.10.1 Riveting parameters of different joint (for demonstration only).
Head side

Tail side

material

material

Joint 1

A

B

Eyebrow cracking in head side material

Joint 2

A

C

Eyebrow cracking in head side material

Joint 3

D

A

Eyebrow cracking in tail side material

Joint 4

A

A

Eyebrow cracking in tail side material

2.10.4

Fatigue failure mode

Effect of piercing direction

Piercing direction greatly influences the fatigue strength (Fig. 2.10.4a). For the
same material combination and same rivet, having a hard top sheet gave higher
strength [174]. If the bottom sheet was more ductile a much better clinched
structure was found on the tail side, which was verified by metallurgical
examination of the joint cross section [174]. The fatigue strength of double-rivet
SPR is no better than a similar single-rivet joint for the same value of applied
stress per rivet. Both the fatigue and static strength of double-rivet SPR joints are
dependent on the orientation combination of rivets (see Fig. 2.9.3e). In cases
where the rivet heads are close to the loading ends (Type B, in Fig. 2.9.3e), joints
exhibit the highest strength [145].
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Fig. 2.10.4 Fatigue life depending on (a) piercing direction and (b) adhesive
[174].

2.10.5

Effect of adhesive

Structural adhesive greatly increases the fatigue strength for both cross-tension
and lap-shear loading conditions (Fig.2.10.4b). Sun and Khaleel [174] studied the
effect of adhesives on three different joints of dissimilar materials (2 mm
AA5182-O + 1 mm HSLA 350, 1 mm HSLA 350 + 2 mm AA5182-O and 2 mm
AA5182-O + 1.6 mm DP 600) with Dow betamate 4601 as the adhesive. The
fatigue test was performed at a frequency of 20 Hz with a load ratio of 0.1. For
each of the conditions the addition of adhesive greatly improved the fatigue
performance. For any kind of material combination adhesives increase the fatigue
performance [174, 175].

2.10.6

Effect of rivet

Limited literature is available which discussed the effect of rivet hardness,
diameter and geometry on fatigue behaviour of SPR joints. However Han et al.
[153] reported that the fatigue strength is highly dependent on rivet and die
design. A 30% increase in fatigue load by optimising the rivet design (in a joint of
2 + 2 mm NG 5754 with a 7 mm long rivet) was reported. On the other hand, Fu
and Mallick [91] studied the effect of different rivet parameters on the fatigue
behaviour of a SPR joint of 5754-O aluminium alloy of three different
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combinations (1 + 1, 1 + 2 and 2 + 2 mm). Two types of diameters (3 and 5 mm),
three forms of hardness (normalized rivet as forged, 410 HV and 480 HV) and
four different lengths (4, 5, 6 and 6.5 mm) of rivet were considered. An ANOVA
analysis showed that only rivet diameter has a small impact (3.17%) on the fatigue
strength. Rivet length and hardness have no significant impact on the fatigue
strength [91]. The impact of rivet length and hardness on the fatigue strength were
0.46 and 0.86%, respectively.

2.11

Vibrational behaviour of a SPR joint

A study was conducted by He and co-authors [183-187] to understand the
vibrational behaviour of a SPR jointed cantilever beam. Sheets of 2024-T3
aluminium alloy with a thickness of 2 mm, specimen size, first eight mode shape
and natural frequency depending on Young’s modulus of material are shown in
Fig. 2.11.1.

Fig. 2.11.1 (a) A single rivet lap jointed SPR cantilever beam [185], (b) first eight
mode shape of vibration [186] and (c) natural frequency of each mode [184].
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An exponential relationship was developed between the natural frequency and the
Young’s modulus as per equation (2.11.1) below:

.

(2.11.1)

where, f is the natural frequency, E is the modulus of elasticity of the material and
m is a constant. The density of the material also influences the natural frequency
and the mode shape. Eight different densities (1000, 1500, 2000, 2500, 3000,
3500, 4000 and 4500 kg/m3) of material were tested to examine the effect of
density on the natural frequency [184] and it was found that natural frequency
decreases with the increase in density of material. However, the Poisson’s ratio
(0.3, 0.32, 0.34, 0.36, 0.38 and 0.4) has no influence on the vibrational properties
within the tested parameters. The same author also studied the effect of adhesive’s
properties (Poisson’s ratio of 0.3, 0.35, 0.4 and 0.45, Young’s modulus of 0.001,
0.01, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and 70 GPa and density was 1100 kg/m3) on
the vibrational behaviour of SPR jointed cantilever beam. The simulated results
showed that adhesive’s strength has a significant effect on the odd mode shape of
vibration. The mode shape is more pointed when the adhesive is relatively soft,
but when the adhesive is relatively stiff, the mode shape becomes flat and because
of a local stiffening effect [183, 185]. The natural frequency has an exponential
relationship with the Young’s modulus of the adhesives but the Poisson’s ratio of
the adhesive has no impact on the vibrational characteristics [185, 186].
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Aluminium rivet

The SPR process typically utilizes a martensitic high strength steel rivet. The
possibility of replacing the steel rivet with aluminium has been studied by Hoang
et al. [15]. Aluminium rivets (6 mm long) made with 3 different alloys (6082-T6,
7108-T5, 7278-T6) were considered for this study. Nine different combinations of
joints comprising three different tampers of aluminium alloy (6060-W, T4 and
T6) having a thickness of 2 mm were examined and it was concluded that SPR
joining was only possible when the sheets were soft (6060 W) and the rivets were
hard (7278-T6). Rivet fracture occurred for the same hard rivet for hard sheet
material (6060 T4 and T6), and rivet compression occurred for the rivets made
with soft materials (6082-T6, 7108-T5). Heating prior to riveting to soften the
material can be beneficial for the rivet to avoid cracking and with a flat die it
showed better performance in terms of rivet flaring than a profiled die [15]. The
mechanical performance of the riveted joint for 3 different rivets is shown in Fig.
2.12.1. It is clear that the initial stiffness is similar for all joints, which means that
the stiffness is not dependent on the rivet properties, though the maximum load
and the energy absorption increased with the increase in hardness of the rivet [15,
188].

Fig. 2.12.1 Comparison of joining strength between Al rivets and steel rivet [15].
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A further study on the experimentally observed failure of the aluminium rivet
showed that shear fracture initiated after 85% of the maximum displacement, as
shown in Fig. 2.12.2 [165]. The fracture behaviour was also examined by
numerical modelling and it was concluded that the fracture was dependent on the
friction coefficient and a value of µ=0.8 showed the best match between the
experimental and numerical results [165]. The effect of ageing on the mechanical
performance of an aluminium rivet (6 mm long and the material was AA7278-T6)
joint (2 + 2 mm AA6063-W) was studied by Hoang et al. [189]. Natural ageing
was conducted at room temperature for 3 and 30 days. The strength of the
aluminium riveted joint had stabilized after 3 days of natural ageing [189].

Fig. 2.12.2 Rivet fracture in a joint of 2 mm + 2mm AA6060-T4 with Aluminium
(AA7278-T6) rivet [15, 165].
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Finite element modelling

The formation of joints and the mechanical behaviour of the SPR joints depend on
the geometrical characteristics of rivet and die and on the process parameters. It is
very difficult to predict the performance of the SPR joints for the various changes
in rivet, die, material and process parameters. However, numerical simulation may
provide a basis to predict the performance and can help to optimize the process
parameters.
Several commercial software products are used for the numerical simulation of
SPR process such as LSDYNA [121], FORGE [133], EVAS [17], DEFORM-2D
[146, 190], ABAQUS [74], FEMFAT SPOT SPR pre-processor [144], MSC Marc
and MSC SuperForm [191], PamASSEMBLYTM and PamCRASHTM [128]. The
development and optimum design of a light-weight C-frame result from a finite
element simulation conducted by Westgate et al. [94]. A 2D model is sufficient
for the early design of the C-frame, however a 3D model in necessary for accurate
results [94].
In general, finite element modelling (FEM) was verified by experimentally
obtained force-displacement curves of the riveting process [76, 131, 192]. To
study the SPR process material data were used as an input to the FEM simulation
[193]. The specimen size of the sheet material and the rivet is shown in Fig.
2.13.1. To determine the flow properties of the material several sheets were glued
together to a total height of 12 mm and for the steel rivet a tubular specimen was
obtained by removing the head and the lower part of the rivet skirt. The resulting
material data are also shown in Fig. 2.13.1 [120, 166]. Plastic properties of
materials can be defined by
σ = Y′′+C*Ɛn*έm

(2.12.1)

where, Y′′, C, n and m are constants and Ɛ is the plastic strain [194]. The accuracy
of the simulation depends on the flow data of the materials and rivet from the
compression test [124, 194-196].
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The join-ability of aluminium (AA5052-H34; thickness of 1, 1.5, 2 and 2.5 mm)
with mild steel (SPCC; thickness of 0.8, 1.2, 1.8 and 2 mm) and high strength
steel (SPFC 980; thickness of 1, 1.4 and 2.3 mm) was studied by Abe, Mori and
co-authors using ANSYS [121, 131, 132]. This enabled identification of different
faults and then optimization of the process by geometrical modification of die and
rivet [195, 197, 198]. A modified rivet (diameter and edge angle) and die
(flattened central pip) geometry was proposed by Khezri, Mori and co-authors
[121, 125] for joining ultra-high strength steels (SPFC 980, Trip 800) with
thickness ranging from 1 mm to 2.3 mm. A strong rivet (large web thickness of
rivet; W in Fig. 2.3.1) with gradual increase in thickness of rivet leg was
suggested to join ultra-high strength steel (EN 1.4301, HyTens 800 and HyTens
1200) with a thickness of 1 and 2 mm to avoid cracking in the rivet [130, 199].
Another join-ability experiment was conducted by Franco and co-authors [146,
159] to join carbon fibre (thickness of 1.5 mm) and basalt fibre (1.3 mm) with
aluminium (2.7 mm AA2024-T6) by using a 6.5 mm long rivet, and good
agreement was observed between the experimental and numerical results.
To predict the joint properties of 3-ply SPR joints of different materials (AA5754,
steel XES and DP 450) and different thicknesses (1, 1.2, 1.5 and 2 mm) numerical
simulation of the 2-ply joints was conducted and good agreement was found for
the mechanical performance of the 3-ply joint [71, 133]. The kill-element
technique was used in the commercial software DEFORM in this analysis [133,
200]. Other plasticity models known as Johnson-Cook plasticity and Rousselier
material model are widely used in modelling of SPR [169, 196]. The choice of
element is also crucial and the eight node brick element was used in most of the
modelling of SPR [182, 193, 196].
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Fig. 2.13.1 (a) specimen size of sheets for material characterization [120], (b)
specimen size of rivet for material characterization [120] and (c) material
characterization data for numerical simulation [166].

Prediction of assembly dimension for different materials (AA 6181-T4, AA 5754HO, AA 5182-H11, XES, HCT600XD steel) with different thicknesses (1, 1.15
1.5 and 2 mm) with different rivets (5, 6 and 6.5 mm) was conducted by Cai, Sui,
Neugebauer, Masters and co-authors [17, 102, 128, 201]. The finite element code
EVAS (elastic assembly variation simulation) was used to predict the global
assembly due to the distortion occurring locally [17]. An experiment was
conducted by Chenot et al. [134, 202] for a joint of 1 mm 5754 + 2 mm XES steel
with 5 and 6 mm long rivet, and it was concluded that the inclusion of residual
stress that arises from the riveting process can identify the assembly dimension
more accurately.
Investigation of the failure load in shear and tensile loading condition of 2.5 + 2.5
mm aluminium alloy (yield stress of 132 MPa) with 6 mm long riveted joint was
conducted by Porcaro et al. [203] to identify the modelling parameter for FEM.
They identified the values constants Y, C, m and n as presented in equation
2.12.1, which provides a direct accuracy of the model.
Hahn et al. [60] conducted a numerical simulation to verify the experimental
results in impact SPR joining of 2.5 +1.5 mm AlMg4.5Mn with a 6 mm long rivet
(480 HV) for different speeds (0.002, 10 and 100 m/s). They found that at high

61

Literature review

Chapter 2

speed, joining of aluminium is feasible by using a flat anvil instead of profiled die.
However, they suggest a change in rivet geometry because of excessive strain.
To find the optimum rivet setting pressure for different combination of joints,
FEM was used by King, Khezri and co-authors [1, 124]. The stiffness of a joint is
evaluated by ABAQUS by Lim [144] for different loading conditions (coach-peel,
cross-tension, lap-shear and pure shear) of 1 + 1.5 mm A5032-T4 by using a 5
mm long rivet and he concluded that the stiffness was highly dependent on the
loading condition.
The vibrational behaviour of a SPR jointed cantilever beam was studied by He
and Oyadiji [183]. The simulated results showed that the adhesive’s strength has a
significant effect on the odd mode shape of vibration. The effect of different faults
in the fatigue life of SPR joints of different materials (aluminium alloy AA 5754O, AA 4047, and steel of SAF2205, SAF2304, DP600, AISI301, AISI304 and
DDQ) with different thicknesses (1, 1.2, 1.5 and 2 mm) and different rivets (5, 6
and 6.5 mm long) were investigated by Chukwuemka, Khezri and co-authors
[204, 205]. They found that the stress concentration was localized near the faulty
areas.
The modelling of SPR needs to define the failure criterion of the material [191].
Damage is normally introduced in the software by two different methods:
uncoupled damage criterion or coupled formulation with the Lemaitre law [134,
202]. By the Lemaitre law not only the SPR process can be simulated and
optimized, but also the mechanical strength can be simulated. The optimization of
the riveting process can be achieved by adapting the data from other relevant
processes such as sheet forming and clinching. Prediction of deformation
behaviour and residual stress can be modelled successfully by FEM. The crucial
step is to transfer the 2D properties into the 3D model [202]. An optimum mesh
size and adaptive time interval are required to achieve the best compromise
between accuracy and computational time [76, 143, 196].
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Porcaro et al. [76] implemented an optimum condition (0.1 x 0.1 mesh size and 12
adaptive steps) to a FEM model for sixteen different joining conditions consisting
of two different materials (AA 6064-T4 and T6), two types of thicknesses (2 and
3 mm), four different rivets (6, 6.5, 7 and 8 mm long) and two set of dies (flat and
profiled) with 3 loading conditions. They obtained very good correlation between
the calculated and experimental results.
The rivets are mainly produced from martensitic steel of high strength. However,
the risk of fracture in a rivet is high when ultra-high-strength steels are joined or
when an aluminium rivet is used to join aluminium. Gardstam [123] conducted a
FEM analysis to identify residual stress and risk of fracture in the rivet while
joining ultra-high-strength steels (EN 1.4301, HyTens 800 and HyTens 1200) of
different thicknesses (1 and 2 mm). A modified riveting parameter (rivet
geometry, die geometry and rivet setting pressure) was proposed to remove the
risk of a cracking in the rivet. A finite element model was developed based on the
reverse engineering approach from the analytical background of the failure
mechanism by Hanssen, Hoang and co-authors [77, 188] to determine possible
cracks in aluminium rivets while joining aluminium components.
FE simulations were also made to locate cracks in rivets especially under the head
radius when joining ultra-high strength steel [97, 130, 206]. A vast range of
simulation work was performed by Swedish Institute for Metals Research (SIMR)
to determine residual stress in rivets when joining ultra-high-strength steel [120,
195, 197, 207]. Several different joining conditions consisting of ultra-highstrength steel (like Hytens 1200, Hytens 800, Trip 800) of different thickness (1
and 2 mm) were examined by SIMR where effective stress ranges from 1100 to
1800 MPa in the rivet and the setting force range from 58-80 kN were obtained.
The simulation result was also used to predict the static and fatigue behaviour of
the joint. The simulated results were worst when no residual stress was considered
in the joint due to riveting. The following conclusions were reached by the group:
similar rivet and die set can lead to large differences in residual stress depending
on the setting load, a more pointed pip of the die (Fig. 2.6.2) can reduce the
setting force with an increasing risk of break-through of the bottom sheet. The
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obtained results were then used to design new rivets to avoid cracking in the rivet
due to high rivet setting pressure by Leijon, Malender and co-authors [129, 208].
New rivet geometry was proposed by them. Heat treatments of martensitic
stainless steels (VAL2AV, VAL2MON, VAL2ACT and 17-7PH) were optimized
for the manufacturing of self-piercing rivets using the knowledge obtained from
the previous results obtained by this group [199, 209]. Best base material for
martensitic rivets was found to be VAL2AV, which showed a good combination
of strength and ductility [199].
The numerical simulation depends highly on the correct assumption of the friction
coefficient between different mating surfaces. Six different contacts have been
identified for the SPR process: punch-rivet, rivet-top sheet, rivet-bottom sheet,
top-bottom sheet, bottom sheet-die and blank holder-top sheet [84, 123, 165]. The
value of friction coefficient was chosen by trial and error and different authors
used different values of friction coefficient between different surfaces. Malendar
[208] studied the effect of friction coefficient on the result of simulation of a joint
of 1.2 + 1.2 mm steel (yield strength of 700MPa) with a 5 mm rivet (480 HV).
Four different friction coefficients were considered (µ= 0.01, 0.1, 0.15 and 0.2)
and µ=0.1 gave the best matching result. However it should be mentioned that he
considered the same coefficient of friction for all the contact surfaces. On the
other hand, Atzeni, Huang and co-authors [74, 99] proposed different coefficients
of friction between different contact surfaces when joining aluminium alloys (Al
6082-T4, AA 5182-H11) of different thicknesses (1.5 + 1.5 and 3 + 3 mm). The
fracture behaviour of an aluminium rivet (Fig. 2.13.2) was examined for different
friction coefficients and it was observed that only for the value of µ = 0.8 did the
failure mechanism match with the experimental study [165]. An opportunity
exists to study the effect of friction coefficient on the simulation results of the
SPR process.
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Fig. 2.13.2 Effect of friction coefficient on the numerical result; a friction
coefficient of µ= 0.8 can predict the experimental failure mode properly as shown
in Fig. 2.12.2 [165].

2.14

Comparison with other joining techniques

Several authors [2, 4, 9, 210] have compared the performance of joints produced
by SPR and other joining methods like friction stir welding (FSW), resistance spot
welding (RSW), spot friction joining (SFJ) and mechanical clinching. Blacket [2]
presented a comparison of fatigue life of a 2 + 2 mm Al6000 joint between SPR
and RSW and much better fatigue life was observed for SPR.
Blundell et al. [210] compared the static strength between SPR and SFJ for both
lap-shear and cross-tension loading conditions. The materials were 1.8 mm NG
5754 and 2 mm AA 6111 and the rivet was 7 mm long. Two groups of joints were
produced by alternating the sheets at top and bottom. The parameters for SFJ
were: 4.5 s weld time, 5 kN forge pressure and 2250 rpm rotational speed. The
static strength was found to be significantly higher for SPR. The strengths were
4.95 and 2.11 kN for SPR and 3.23 and 0.75 kN for SFJ in the lap-shear and
cross-tension loading conditions respectively.
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Lee et al. [9] studied the joint strength in an impact test on a H-type specimen of
2.5 + 2.5 mm AA 6063 for SPR and mechanical clinching joining. They obtained
similar joint strengths for both conditions. However, clinching is generally
intended to join thin sheet material (total thickness < 3 mm) and generally gives
lower static strength than SPR [7, 8].
Lennon, Pedreschi and Sinha [149] compared the static strength of SPR with other
cold-joining methods (mechanical clinching, pop rivets, press-joint and selftapping screws). They used galvanized mild steel (yield strength of 300 MPa) of
different thickness combinations (1, 1.2, 1.6 and 2 mm). The joint strength was
significantly higher for SPR when compared with other techniques.
Han, Thornton and Shergold [33] compared the mechanical behaviour of SPR and
RSW joint of aluminium sheets for automotive industries. They used AA 5754-O
material of various thicknesses (1 + 1, 2 + 2, 2 + 3, 3 + 2 and 3 + 3 mm) and the
test was performed for both lap-shear and coach-peel loadings. The joint strengths
had less scatter with SPR than with RSW. They also concluded that the interlock
was important for SPR, whilst the periphery of the nugget was important for
RSW; and stack orientation had no effect for RWS but had a significant effect for
SPR on joint strength. Static SPR joint strength was similar to FSW, RSW and
SFJ, but fatigue strength was much better than a welded joint [9, 17, 211].
Lee et al. [175] described a comparative study of dissimilar materials (1 mm cold
rolled coil + 1 mm Al 5J32-T4) between SPR, RSW and adhesive joining in a
crushing test. A 5 mm long rivet was used in SPR and methacylate (PLEXUS®
MA822) as structural adhesive. The joint strength was similar but the specific
energy absorption was higher for SPR, which makes the process favourable in a
crushing test [175]. A comparison of cycle time and joining strength of three
different methods are shown in Fig. 2.14.1 [4]. Cycle time of SPR and clinching
does not change with thickness of material, but in welding it differs. The energy
consumption is significantly higher in RSW than SPR, and SPR is much more
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environmental friendly. On the other hand, the assembly distortion is high in SPR
compared with welding [17].

Fig. 2.14.1 Comparison of cycle time and static strength for different joining
method [4].

2.14.1

Cost analysis

The frequency and cost of destructive testing, cost of maintenance and labour cost
are similar in SPR, RSW and SFJ [4, 18, 212]. However, the initial equipment
cost for producing 35,000 units per year is $10 million for SPR, $4 million for
RSW and $11 million for SFJ [4]. The main drawback of RSW is high cost for the
electricity consumption [18]. On the other hand the ongoing cost of rivets makes
the process more expensive, but this may be outweighed by the enhanced joint
performance [4].
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Varis [7] made an economic comparison of mass production between SPR and
clinching. Several points of view were discussed and calculation of marginal
costs was presented. The significance of tool service life to unit cost was also
introduced. A normalized total cost of SPR and clinching is presented in Fig.
2.14.2. The total costs are equal for both joining methods when the service life of
the clinching tool is equal to 111,111 joints. If the tool service life is lower than
this limit value (111,111) then SPR is more favourable for mass production.
However, it should be noted that in this calculation the initial cost of the SPR
process was ignored by assuming the cost of this process was directly related to
the number of rivets.

Fig. 2.14.2 Economics of SPR joint in comparison with clinching [7].

2.15

Summary

Self-piercing riveting is a metal joining technique in which a tubular rivet is
inserted through two or more sheets with no need for a predrilled hole in the sheet
metal. This technique has become increasingly popular as a way of joining,
particularly in the fields of light metals and dissimilar metals joining, which is
difficult or sometimes impossible by fusion welding.
In this chapter, the SPR process is critically reviewed from the perspectives of
static and fatigue performance. For process monitoring, a typical force68
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displacement curve has been introduced. The mechanics of joint formation and
quality of joints that may arise depending on different variables, such as:
thickness and hardness of the ply materials, length and hardness of rivet, different
types of rivet head and web thickness of the rivet head, rivet setting pressure and
die profile are discussed.
The static strength of a joint can be obtained by an analytical strength estimator,
but great care should be taken while measuring the geometry as the dimensions
are very small. The factors affecting the fatigue strength of SPR joints are also
discussed.
A literature survey has shown that the number of articles on SPR is increasing
significantly. A comparison of published papers is shown in Fig. 2.15.1. The
graph is generated using the number of articles cited in this chapter.

Fig. 2.15.1 Graphic illustration of the publications on SPR prior to 1990 and
thereafter.

SPR is increasingly used in combinations of dissimilar materials because of the
development of ultra-high strength alloys. To push the operating window of the
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SPR process it is necessary to gain more understanding of the deformation
characteristics of the rivet and ply materials, but no open literature was found that
explained the deformation characteristics in terms of residual stress. It is a
challenge to identify the residual stress distribution in order to understand the
mechanics of joint formation and the mechanical performance of joints.

2.16

Research Questions

SPR is an interesting process. This process is also complex and intricate. This is
essentially a joining-by-forming process. As nowadays, more and more ultrahigh-strength materials and alloys are used in automotive industries, it is
necessary to understand the deformation behaviour of the rivet and material
during the forming process. FEA is a useful tool to gain more understanding and
optimize the process in order to join new alloys and materials. A literature survey
shows that most of the FEA was validated through cross-section and forcedisplacement curves, but many unknown assumptions were made to match model
outputs with experimental cross-section and force-displacement curves. Direct
match of cross-section and force-displacement curves has been achieved with
interrupted tests.
However, very limited attention was paid to studying the force-displacement
curve to understand the deformation behaviour of the rivet and sheets during SPR.
The following are the key research questions arising from the literature review:


Is it possible to extract more information by studying the forcedisplacement curve in order to characterize the riveting process?



Is there any possibility of predicting the joint characteristics (rivet flaring)
directly from the force-displacement curve?



Is there any relationship between the force-displacement curve and the
residual stress distribution?



Is it feasible to measure residual stress in SPR joints?



Is it possible to predict the joint performance directly from the
characteristic force-displacement curve?
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CHALLENGES ASSOCIATED WITH RESIDUAL
STRESS IN SPR

SPR is increasingly used on materials and dissimilar combinations that are
difficult or even impossible to join by spot welding. The materials should,
however, have sufficient ductility to deform without cracking. As ply materials
increase in hardness, strength or thickness, the ability of a rivet to pierce and
deform in a ductile manner becomes increasingly limited, therefore the operating
window in terms of joint quality and performance becomes narrower. Forces for
setting the rivet are high, typically 30 to 50 kN. This high setting force may
generate cracks inside the rivet. Previous studies [53, 57] show that a joint may
look good externally (Fig. 3.1a), but micro-computed tomography (CT) shows
cracking in the same joint (Fig. 3.1b).

Fig. 3.1 (a) Scan of a joint on tail side [53] and (b) Micro CT scans of the same
joint [57].

To understand fully the behaviour of SPR joints, one key aspect is to understand
the joint formation mechanism and the sequence of material and rivet deformation
during the formation of SPR joints. Another key aspect is to appreciate the
residual stress distribution in the joint arising from the riveting process.

A literature survey showed that only FEA analysis work was performed to predict
the residual stress inside a SPR joint. Some simulation work was executed to
predict the residual stress and reported as high as 1075 MPa inside the rivet in a
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joint of 1 + 1 mm Trip 800 but not validated [125]. However, that simulation
depended on a few assumptions such as elastic properties of material, friction
coefficient between different surfaces, mesh size, simulation time, etc. No
experimental approach to measure the residual stress was found in the literature.
Thus, a feasibility experiment is necessary to evaluate the residual stress. The
challenges also involved dealing with very small dimensions.

3.1

Residual stress

Residual stresses are defined as self-equilibrating stresses within a stationary solid
body when no external forces are applied [213]. These stresses may arise from
misfits in the natural shape between different regions, parts or phases [214]. Little
has been reported in the open literature regarding the effect of residual stress in
SPR. However, literature [215] has been found related to the residual stress in
friction stir welded joints. It should be noted that residual stress developed in SPR
due to high plastic deformation of the rivet and sheet. On the other hand, residual
stress in welded joint developed due to thermal effect. A general overview of
residual stress and its effects and different measuring techniques are described in
the following sections.

3.1.1

Effect of residual stress

The effect of residual stress can be either beneficial or harmful depending on the
magnitude, sign and distribution of the residual stress with respect to the loadinduced stresses [216]. The static loading performance of brittle material can be
improved largely by the intelligent use of beneficial residual stress by introducing
compressive surface stress [213]. For ductile materials, the residual and applied
stresses can be added together directly until the yield strength is reached. So, in
this respect, residual stress may accelerate or decelerate the plastic deformation,
which is important when failure occurs by plastic collapse. However, residual
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stress affects the static ductile fracture only a little, because residual elastic strains
are small compared with the plastic strains generated prior to failure.
The effect of residual stress on fatigue life is discussed by Jang and co-authors
[217]. Fatigue is generally divided into two types [213]: low-cycle fatigue (LCF)
which involves fewer than 10,000 cycles to failure and high cycle fatigue (HCF).
Generally residual stress has negligible effect on LCF as the primary residual
stresses tend to be affected by the large amplitude of the oscillating strain. On the
other hand, residual stress affects HCF by offsetting the mean stress of any fatigue
loading. Chang et al. [218] examined the effect of residual stress in welded steel
pipe and found that the life decreased 9-15% due to residual stress. Welding
residual stresses, which are generally close to the yield strength of the material,
cause brittle failure [216]. To improve the performance of the weldments it was
suggested to reduce/eliminate the residual stress by heat treatment or to change its
nature from tensile to compressive.
If a structure contains cracks, one needs to determine how many cycles it will take
for one of these cracks to grow to such an extent that catastrophic fracture can
occur. As the stress at the crack tip is related to the crack length and also to
loading geometry, the loading of the crack tip is generally expressed as “stress
intensity factor,” K, where
′

√

(3.1.1)

Here, a is the crack length, Y′ is a geometrical constant approximately equal to 1
and  is the stress. Residual stress can change the amplitude of the stress intensity
factor, which indicates that it can also increase or decrease the fatigue life [213].
Fig. 3.1.1 shows how residual stress can affect the stress intensity factor.
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Fig. 3.1.1 Residual stress affecting the stress intensity factor for two different
cases, A and B [213].

3.1.2

Measuring techniques for residual stress

Residual stress cannot be measured directly in practice. It can be obtained from a
measure of the elastic strain, displacement or secondary quantity, which can be
related to stress, such as the speed of sound or magnetic signature [219].
Measurement techniques for residual stress can be divided into destructive and
non-destructive methods. Some well-known destructive tests are: layer removal,
hole drilling, block sectioning, contour method and deep hole drilling. It may be
noted that block sectioning provides single stress measurement, hole drilling
provides depth profiles, and contour provides area maps of residual stress. The
advantage of the hole drilling method is that it is not limited to crystalline material
and this technique can be applied to plastics, composites, and coated materials
[216].
On the other hand, non-destructive techniques usually measure some parameter
that is related to the stress. Some non-destructive tests are: X-ray, magnetic and
eddy current, ultrasonic, neutron diffraction and synchrotron diffraction
74

Challenges associated with residual stress in SPR

Chapter 3

techniques [220]. X-ray diffraction is limited to a depth of 5 µm, whereas neutron
diffraction can measure the strain up to 50 mm depth in steel [219]. But X-ray
diffraction has a high spatial resolution and consequently faster acquisition time
due to a low diffraction angle compared with neutron diffraction. Synchrotron Xray diffraction is more suitable for strain mapping experiments for finite element
(FE) model validation while neutron diffraction is more suited for deep line stress
profiling experiments [219].
Fig. 3.1.2 shows the approximated capabilities of various techniques for
measurement of residual stress in steel. For the measurement of residual stress in
SPR joints, where the materials of interest are high-strength steels, neutron
diffraction and synchrotron X-ray diffraction are the most appropriate techniques
among the non-destructive methods, while the contour method is appropriate
among the destructive methods. These techniques are discussed in detail below.

Fig. 3.1.2 Capabilities of various residual stress measurement techniques [219].
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Neutron diffraction method

When a neutron beam of wavelength  is incident on a crystalline material, the
radiation diffracts as distinctive Bragg peaks [221, 222]. If the angle is ‘  ’ where
the Bragg peaks occur, the lattice spacing can be determined using equation
(3.1.2).
2d sin  = λ

(3.1.2)

where, d is the lattice spacing and 2  is the diffraction angle (see Fig. 3.1.3).

Fig. 3.1.3 Schematic Diagram of Bragg’s equation.

If the lattice spacing and diffraction angle are d0 and  0 respectively for a
unstressed lattice, the elastic strain (  ) can be determined by,

cot

(3.1.3)

The stress may then be determined from the stress-strain relation of the material
[221]. This technique is known as  /2  scanning. Care should be taken in
selecting the diffracting plane because, in isotropic engineering materials, the
single crystal may be anisotropic. This means that different lattice plane (h k l)
reflections may exhibit different strains when subjected to same stress (Fig. 3.1.4).
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So measurement should be made only for those planes which represent bulk
behaviour and are not affected by plane strain. The planes (2 1 1) and (1 1 0) are
suitable for ferritic steel, in which the crystal structure is body centred cubic (bcc)
at room temperature, while plane (3 1 1) is suitable for aluminium and nickel
alloys, as these are face-centred cubic (fcc) crystal structures [222, 223].
There is another technique of neutron diffraction available known as time of flight
approach. In this case, the Bragg angle  is kept constant (usually 2  = 900) and
the wavelength  varied. This is done because there is a large range of neutron
energies and the beam which is most energetic arrives at the specimen first and
the least energetic arrives last. The energy can be deduced from the time of flight.
Here, the strain is given by the following equation,
∆

(3.1.4)

where, t is the time of flight and t is the difference between the time of flight of
an unstressed and a stressed lattice.

Fig. 3.1.4 Different h k l planes.
These two methods have developed depending upon the two forms in which
neutron beams are available: continuous beam from a reactor source and pulsed
beam from a spallation source. The continuous beam is suitable for  /2 
scanning and the pulsed beam is suitable for the time of flight method [220]. The
neutron diffraction technique is very suitable when the thickness of the specimen
is large and when it is necessary to measure the stress to a large depth [223]. This
is also very popular as it can provide the full set of stress components i.e. in three
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directions [224, 225]. The neutron diffraction technique is only applicable to
crystalline materials, which is the main limitation of this technique [216].

3.1.4

Synchrotron diffraction method

This technique follows the same rules as the neutron diffraction technique, but
here the beam is made up of Synchrotron X-rays which is a million times more
intense than conventional X-ray. Synchrotron (or Hard) X-rays can provide high
energy photons which are a thousand times more penetrating than conventional Xrays. This is a very quick process and the spatial resolution is very high. The
minimum gauge dimension is 20 µm and it is also characterized by high energy
two-dimensional diffraction. The uncertainties involved in measuring peak
diffraction angles are very low, so the precision is very high, which is equal to ±
10 x 10-6 strain [225]. However, this technique can measure residual stress only in
two-directions.

3.1.5

Contour method

The contour method is a destructive technique for measuring residual stress. This
technique was first proposed by Prime in 2000 [226-228]. This is a newly
invented relaxation technique which enables one to evaluate a 2D residual stress
map on a plane of intersects [229]. The theory of this technique is based on the
Bueckner principle: ‘if a cracked body subject to external loading or prescribed
displacements at the boundary, has forces applied to the crack surfaces to close
the crack together, these forces must be equivalent to the stress distribution in an
uncracked body of the same geometry subject to the same external loading’ [as
referenced in 230]. The basic principle of Bueckner’s theorem is described in Fig.
3.1.5 [230, 231]. If a specimen containing residual stress as described in Fig.
3.1.5(a) is cut, the two surfaces created by the cut deform due to stress relaxation.
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The principle is that it is possible to make the cut surfaces plane again by applying
identical stress of opposite direction. So it is possible to measure the residual
stress by measuring the surface contour after cutting a specimen assuming that the
relaxation of the residual stress occurs elastically and the cutting does not induce
any further stress.

Fig. 3.1.5 Bueckner Principle of Contour method [230].
The contour method was first published in details in 2001, where the technique
was verified numerically by finite element modelling using the ABAQUS
software and experimentally by a known residual stress specimen which was a
plastically bent beam [226]. Four main steps are involved with the application of
contour method: specimen cutting, contour measurement, data reduction and
stress analysis [229]. Special care should be taken for the first part of the process
which is specimen cutting as the final result is influenced by this. A single flat cut
is very important in order to achieve high accuracy and a constant width cut is
also important which will guarantee a flat cut. Scientists identified that the electric
discharge machining (EDM) is the most suitable method of cutting for the contour
method because it will ensure a flat cut as well as constant width cut. The next
step is contour measurement of the cut surface. A co-ordinate measuring machine
(CMM) is very suitable for the accurate surface profile measurement. The third
step of the contour measurement is data reduction. It is obvious that the measured
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data contain errors from cutting and measurement, so the first step of the data
reduction is to average each pair of measurement points. The next step of the data
reduction is smoothing of the measurements which is crucial to achieve an
accurate stress profile. Figs. 3.1.6 and 3.1.7 show the difference between the
measured contour and smoothed contour. The final step is inverse calculation of
the original stress from the contour; this is generally done by FE modelling.

Fig. 3.1.6 Measured contour of a welded plate [229].

Fig. 3.1.7 Smoothed contour of Fig. 3.1.6 [229].
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The contour method is a relatively simple method as it can produce residual maps
directly from displacement maps with minimum time and computational cost.
However, the main disadvantage with this method is that only one residual stress
component can be obtained, which is normal to the cut surface.
Very recently, a method for measuring multiple residual stress components,
proposed by De wald and Hill [232, 233] and verified by Kartal [234], compared
the stress profile obtained by neutron diffraction and synchrotron diffraction.
Computing the eigen strain from the measured displacement is the basic principle
of the multi-axial contour method. Eigen strain is the permanent strain that comes
from some inelastic process such as plastic deformation, thermal expansion and
mismatch between different parts of an assembly. Residual stress then may be
obtained from the eigen strain. The eigen strain remains constant upon residual
stress distribution. A change in geometry may alter the residual stress distribution
but not the eigen strain which motivates the scientist to use eigen strain to
determine residual stress. Fig. 3.1.8 shows that the eigen strain remains
unchanged while the residual stress distribution changed after cutting [234]. In
this method Kartal et al. used the data from two additional 45° cuts by assuming a
constant longitudinal stress profile. The main draw-back of this technique is that
the length of the specimen must be twice as long as its width, which will ensure
the cuts along their diagonals i.e. at an angle of 45°.

Fig. 3.1.8 Eigen strain and corresponding stress [234].
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Summary

The general effects of residual stress on structures are discussed and different
techniques for evaluating residual stress in SPR joints are also introduced in
chapter 3. Two main challenges identified for the measurement of residual stress
in SPR joints are dealing with very small dimensions and the available facilities
for residual stress measurement. It was found that, when the material of interest is
steel, neutron diffraction and synchrotron diffraction methods are very suitable
among the non-destructive methods and the contour method is suitable among
destructive methods for evaluation of residual stress.
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EXPERIMENTAL PROCEDURE

The experimental methodology developed to understand the deformation
behaviour of the sheet material and rivet during the SPR process is described in
this chapter. The study examines the SPR process in three distinct phases:
characterisation of riveting process, residual stress distribution and static strength.
A full description of the joining conditions, experimental equipment and testing
procedure is provided.
Primarily, a family of curves for a variety of fastening condition was created.
Specifically, force, pressure and displacement data were monitored as a function
of time (during riveting operation). Key parameters were identified and their
effects on riveting operation were analysed.
To examine closely the material deformation during riveting, the formation of a
group of joints was interrupted at different positions by inserting spacers between
the upsetting die and die holder.
Metallographic analyses for both interrupted and completed joints were performed
which enabled the measurement of the dimensional parameters relating to the
material deformation during the SPR process.
A series of joints was produced to obtain the residual stress distribution inside the
rivet and the top and bottom sheets.
In addition, cross-tension and lap-shear strength experiments were executed to
establish the static strength of the SPR joints.
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Aim of the experiment

The experiment was conducted to study three main aspects of SPR joints: the
deformation behaviour of the rivet and the top and bottom sheets during riveting,
the residual stress distribution in the rivet and sheet materials of a SPR joints for a
variety of riveting parameters and the static strength of a joint for different
loading conditions. A systematic approach was taken to study the above
mentioned features of a riveted joint. The approaches are described below:
1.

Study the deformation behaviour of the rivet and the top and bottom sheets
during the riveting operation by;


Creating a range of riveted joints by changing different parameters
such as different materials, rivets and dies



Establishing the characterization of the force-displacement curve on
each joint



Interrupting a family of joints at different riveting positions and
measuring the force and the displacement of each interruption



Determining the rivet flaring at each interrupted positions by
metallographic experiment


2.

Finally determining the C-frame deflection.

Study the residual stress distribution in a group of SPR joints by;


Feasibility study of residual stress evaluation in SPR joints by the
neutron diffraction method



Optimizing the parameters for meaningful residual stress results



Lastly, evaluating residual stress in a collection of different SPR joints
by the neutron diffraction technique.

3.

Study the static strength of a group of SPR joints by;


Producing a series of SPR joints for both cross-tension and lap-shear
loading condition



Measuring the strength of each joint in each loading condition.
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Sheet materials

All the joints for this study were produced by two sheets of materials only as this
is common in most industrial applications. The constituent materials were selected
based on widely used materials in the industrial applications in Australia. Carbon
steel of two different grades (G450 and G300 carbon steel) was selected for this
study. The sheet materials have been chosen for the interest of the industry. The
material properties are given in Table 4.2.1.
Table 4.2.1 Carbon steel sheet material properties.
Material designation

G300 steel

G450 steel

Young’s modulus (GPa)

220

220

Poison’s ratio

0.3

0.3

Mechanical

Tensile strength (MPa)

340

480

properties

Yield stress (MPa)

300

450

Hardness (HV)

198

270

Elongation (%)

18

9

Carbon (%)

0.3

0.2

Chemical

Phosphorus (%)

0.1

0.04

properties

Manganese (%)

1.6

1.2

Sulphur (%)

0.035

0.03

4.3

Rivets

Self-piercing rivets are produced by a cold-forming process from wire materials.
The wire materials are generally Boron treated steel and rivets are heat-treated to
the desired hardness level after the forging process. The external surface of a rivet
is protected by a coating to protect it from galvanic corrosion. In industrial
practice different types of coatings are used depending on the application. The
most common coatings are mechanical zinc, zinc-tin plated and aluminium.
Electro-zinc coating is also used in some applications. The basic form of a rivet is
shown in Fig. 4.3.1. All the rivets for this study were supplied by Henrob (UK)
Pty Ltd, Australia.
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Fig. 4.3.1 A typical self-piercing rivet.
The most common rivet diameters used in SPR joining are: 3 and 5 mm. The 3
mm rivets are normally used to join thinner materials (usually less than 3 mm).
However the 5 mm rivets are used to fasten a full range of material thickness. The
rivet wall thickness also has a significant importance for the SPR process. A thick
rivet wall is normally used in riveting of high strength materials to avoid buckling
of the rivet. The length of the rivet is chosen relative to the thickness of the ply
materials to be joined. The rivet length has to be increased when the joint
thickness increases. During SPR, a rivet should have sufficient hardness to pierce
the top sheet. However, the rivet should also have sufficient ductility to flare in
the bottom sheet. Hence, the hardness of a rivet is a very important parameter in
SPR joining. In this study, rivets with three different hardnesses and lengths were
chosen depending on materials. The properties of the rivets considered in this
study are given in Table 4.3.1.
Table 4.3.1 Properties of rivets considered for this study.
Rivet

Hardness

Length

designation

(HV)

(mm)

HG 0642

410

HG 0644

480

HG 0742

410

HG 0744

480

HG 0746
PG 0846

555

Head

Wall

Shank

Coatings

diameter

thickness

diameter

thickness

(mm)

(mm)

(mm)

(µm)

7.4

1.1

6

7

12
5.5

(Mechanical
zinc)

8
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Die

A die is used to control the deformation of the ply materials in SPR joining. Dies
are mainly of two types as shown in Fig.4.4.1: flat and profiled dies. Profiled dies
are mainly used in joining of soft material and to achieve a high flaring. On the
other hand flat dies are mainly used in joining of hard sheet materials. The
selection of die mainly depends on the ply materials properties (hardness and
thickness). A high die recess volume is required for a thick combination of joint in
order to accumulate the large volume of the deformed material. In this study, a flat
die is used with different diameters and depths depending on materials. The die
parameters are given in Table 4.4.1.

Fig. 4.4.1 Schematic of profiled and flat dies.

Table 4.4.1 Parameters of the die considered in this study.
Die designation

Diameter (mm)

Depth (mm)

DF 09200
DF 09230
DF 10210
DF 10250
DF 10300
DF 11235

9
9
10
10
10
11

2.0
2.3
2.1
2.5
3.0
2.35
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Test specimens

The schematic and experimental test specimen setups are shown in Figs.4.5.1 and
2. The sheet specimens are 150 mm long by 50 mm wide. Three different
thicknesses have been considered: 1.5, 2.0 and 2.5 mm. Five riveted joints were
made in each test specimen at an equal spacing of 25 mm.

Fig. 4.5.1 Schematic of Riveting test specimens.

Fig. 4.5.2 Experimental setup of the test specimens.
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SPR configuration

SPR trials were conducted using a Henrob hydraulic rivet setter. The laboratory
setup is shown in Fig. 4.6.1. Sheet specimens were setup on a fixture table to
make the joints. A load cell was mounted between the die and C-frame to measure
the reaction force during riveting. A linear variable differential transformer
(LVDT) was placed just beneath the riveting gun to measure the punch
displacement. Two pressure transducers were positioned to measure the pre-clamp
and rivet setting pressure in the SPR rig. Pre-clamp pressure was 125 bar for all of
the specimens produced in this study. However, the rivet setting pressure was kept
between 220-250 bar based on the ply materials’ thickness and hardness.

Fig. 4.6.1 Laboratory setup for self-pierce riveting (SPR) trials.
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SPR process data acquisition

The data for force, displacement, pre-clamp and rivet setting pressure were
recorded as a function of time at a logging rate of 1000 Hz. Experiment shows
that an increase in logging rate greater than 1000 Hz did not make any difference.
Force, displacement and pressure were measured by a load cell, LVDT and a
pressure transducer respectively. The characteristics of the load cell, LVDT and
the pressure transducer are summarized in Table 4.7.1.
Table 4.7.1 Key characteristics of equipment for data acquisition.
Characteristics

Load cell

LVDT

Pressure transduce

Range

0-70 kN

0-145 mm

0-250 bar

Signal output

0-10 V dc

0-10 V dc

0-10 V dc

Max non-linearity (% full

± 0.5

± 0.02

± 0.2

scale output)
Operating temperature (oC)

4.8

-40~140

-40~85

-40~85

Joint assembly for characterization of riveting process

To characterise the riveting process a series of joints was produced and the punch
displacement in the riveting direction (Fig. 4.8.1) was measured as a function of
time. The force, rivet setting pressure and pre-clamp pressure were also measured
as a function of time as shown in Fig. 4.8.2.

Fig. 4.8.1 Schematic diagram of a riveted joint.
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Fig. 4.8.2 Typical raw data acquired during riveting.
The data were processed to identify the time and position of the punch, where
both the force and the rivet setting pressure simultaneously increased after preclamping, which corresponds to the event when the rivet first comes in contact
with the top sheet. The punch displacement relative to that event was
subsequently used to generate all force-displacement curves. An example forcedisplacement curve is presented in Fig. 4.8.3 from the processing of a joint of 2.5
mm G300 carbon steel top and bottom sheets using an 8 mm long rivet of
hardness 555 HV.
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Fig. 4.8.3 Force-displacement curve after processing of 2.5 + 2.5 mm G300 steel
sheet joint with an 8 mm long rivet having a hardness of 555 HV.

A family of joints was produced for a matrix of materials, rivet and die set. Table
4.8.1 shows the different combinations of joints produced to characterize the
riveting process which will be analysed in chapter 5. To systematically study the
effects of rivet length and thickness, material thickness and properties and die
depth on characteristic force-displacement curve, 3 different thicknesses and two
different hardnesses of materials were chosen. The matrix was created by the
combination of these materials. However for each condition five joints were made
at 25 mm spacing according to chapter 4.5 (see Figs. 4.5.1 and 2) and also the data
were recorded during the riveting operation. It was observed that the riveting
process showed a very good reproducibility for all joints produced in this study.
Typical force-displacement curves for five joints in a test specimen of 1.5 G300
carbon steel as top and bottom sheets using 6 mm long rivets with hardnesses of
480 HV and a flat die (9 mm diameter and 2 mm depth) are shown in Fig. 4.8.4.
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Table 4.8.1 Matrix of joints produced for characterizing the riveting process in
chapter 5.

Joint
matrix
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Joint
Die (flat die
PreRivet
Rivet
thickness
profile)
clamp
Ply
setting
materials (mm)
Length Hardness Depth Diameter pressure pressure
(bar)
(bar)
(mm)
(HV) (mm)
(mm)
G450
G300

2.5 + 2.5

8

G450
2.0 + 2.0

7

1.5 + 1.5

6

2.5 + 2.5

8

2.0 + 2.0

7

1.5 + 1.5

6

G300
G450

G300

2.35
555
480
555
480
480
555
480
410
480
410

11

3.0
2.1
2.0

10

250
125

9.0

3.0
2.5
2.3

10
220
9.0

Fig. 4.8.4 Different curves of joints showing the great reproducibility of the SPR
process.

93

Experimental procedure

4.8.1

Chapter 4

Metallographic investigation of the riveted joints

The main objective of metallography was to analyse the cross-sectional
characteristics of the collection of riveted joints. At first, specimens were
sectioned by a precision cutter at a very slow speed after the joint was made.
Careful attention was paid when the cutter reached the middle of the joint to avoid
minimal damage to the rivet. The specimen was small so it was mounted in epoxy
resin and the mounting process was a cold mount. The specimen was then
polished by SiC paper (up to 1200 grit) until all the scratches polishing marks
have been removed. A typical micrographic cross-section of a joint and schematic
diagram showing how to achieve a cross-sectional view of the joint is shown in
Fig. 4.8.5. It should be noted that eccentric and anisotropy effects may exist in
some of the cross-sectional views. Rivet flaring was measured for both completed
and interrupted joints from the micrographic cross-section by using a microscope.
In this thesis only the rivet flaring was measured as a literature survey shows that
thinning of bottom ply and head height (y in Fig. 2.3.1) can be linked with rivet
flaring.

Fig. 4.8.5 Cross-section of a riveted joint and schematic diagram showing the
sectioning and polishing of a rivet.
To examine the microstructure of the rivet and material; the mounted specimen was
polished by using 1µm colloidal silica suspension. Finally the specimen was etched

according to the ASM metals handbook volume 9 [235]. The etchant was 4% nital
solution (4 mL concentrated nitric acid + 96 mL ethyl alcohol) for the sheet
material and the etching time was 10s. To reveal the microstructure of the rivet
2% nital solution was used as etchant and the etching time was 5s.
The microhardness of the rivet and sheet were measured by a Buehler Micromet
2100 Series Microhardness Tester with a load of 50 gmf.
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Residual stress investigation of the joints

Sample preparation for residual stress measurement follows the same procedure as
described in chapter 4.5. Five joints were created in a specimen of 150 mm x 50
mm sheets comprised of different materials and thicknesses at 25 mm spacing.
The residual stress examination was conducted in three different stages. For the
first stage, a reproducibility and feasibility test was conducted. The next stage of
the experiment was optimizing parameters for making meaningful evaluation. The
final stage was to evaluate residual stress in different combinations of SPR joints
using the technique developed in the first two stages. The final stage of the
residual stress evaluation was made to study the residual stress profile in SPR
joints of three main parameters: sheet materials’ hardness, thickness and rivet
hardness. The matrix of joint family for the different stages of residual stress
analysis is shown in Table 4.9.1.
Table 4.9.1 Joint combination for different stages of residual stress investigation
(pre-clamp pressure is 130 bar).
Rivet
Experiment

Top

Bottom

stage

sheet

sheet

Feasibility

3.1 mm

2.0 mm

Al 6060

G300

Length Hardness Diameter Depth
(mm)

(HV)

8

410

optimization

2.0 mm G300
1.5 mm G450
1.5 mm G300

Residual

2.5 mm G450

stress

2.5 mm G300

distribution

2.0 mm G300

in different
SPR joints

2.0 mm G450
2.0 mm G300

(mm)

(mm)

setting
pressure
(bar)

3
10

2.0 mm G300
Parameter

Rivet

Die

215

7

410

2.5

6

480

9

2

8

555

11

2.35

480

2.5

250

555
7

480
555

10

2.1

480
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Neutron diffraction measurements were performed on the Strain Scanner named
‘Kowari’ [236] at the Australian Nuclear Science and Technology Organisation
(ANSTO). A monochromatic beam of thermal neutrons of wavelength 1.66 Å was
used and the Feα(211) diffracting plane was chosen for the investigation. A 2D
position sensitive 3He detector was used to record the diffraction peak. The
detector was positioned at an angle of 90° with respect to the incident beam to
utilize the Feα(211) reflection. A schematic setup of the diffraction experiment is
shown in Fig. 4.9.1. The laboratory setup for the neutron diffraction experiment is
shown in Fig. 4.9.2.

Fig. 4.9.1 Schematic diagram of strain scanner showing the setup for diffraction
experiment.
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Fig. 4.9.2 Laboratory setup of the strain scanner (Kowari at ANSTO) showing the
typical setup for the diffraction experiment of a normal residual strain component.
The specimen was accurately positioned (± 100 µm) on the instrument using the
virtual instrument of Kowari in SScanSS [237, 238] software. The model of the
Kowari strain diffractometer within the SScanSS software is shown in Fig. 4.9.3.

Fig. 4.9.3 Main components and layout of the Kowari strain scanning
diffractometer model within the SscanSS software
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The specimen was first laser scanned to obtain a 3D model, was then positioned
on the experimental table and aligned using dedicated robotic arms with the touch
probe. SScanSS was also used to define the measurement points (Fig. 4.9.4),
based on the cross-section of the joint at the X-X line as the internal features of
the joint are hidden from the laser scan, and to estimate the required counting time
depending on the beam path length for a given direction of strain. To double
check the alignment a line scan was conducted in order to find the wall of the
specimen. Neutron measurements were conducted at 30 points and the intensity of
those points was plotted in the software EC-align as shown in Fig. 4.9.5.The
position of the specimen wall was obtained by analysing the intensity as shown in
Fig. 4.9.5 and this position was verified by the software SScanSS.

Fig. 4.9.4 Defining the measuring points within the software SscanSS.
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Fig. 4.9.5 Double checking the specimen alignment by a combination of neutron
scanning and EC-align software at the Kowari strain scanner.

4.9.1

Feasibility test

At first, sheet specimens of aluminium and steel were chosen to ensure that all
diffracted peaks could be determined easily from either the rivet or the bottom
sheet, as the diffraction angles for steel and aluminium are different. A riveted
joint specimen was produced, as shown in Fig. 4.9.6a, using 3.1 mm aluminium
and 2.0 mm steel as the top and bottom sheets respectively. Five joints were made
at 25 mm spacing using rivets and die selected according to the total ply thickness
and sheet materials. Joint 68 located in the middle of the specimen shown in Fig.
4.9.6a was chosen for the residual stress evaluation.
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Fig. 4.9.6 (a) Aluminium- steel riveted joint under investigation (b) Crosssectioned joint-68 after neutron diffraction evaluations were made.

In this case, the thickness was reduced to 4.0 mm (2.0 mm carbon steel as top and
bottom sheet) as a result of replacing the top aluminium sheet with 2.0 mm steel
sheet (Fig. 4.9.7a). Force and displacement were recorded during the riveting
process and it was observed that for both conditions all five joints showed high
reproducibility during the riveting operation (Fig. 4.9.8). The maximum force was
49 kN and the rivet setting pressure was 215 bar, whereas the pre-clamp pressure
was 130 bar. Joint 78 located in the middle of the specimen shown in Fig. 4.9.7a,
was chosen for the residual stress evaluation.
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Fig. 4.9.7 (a) Steel- steel riveted joint under investigation (b) Cross-sectioned
joint-78 after neutron diffraction evaluations were made.

Fig. 4.9.8 Force versus displacement curves of the SPR process showing high
reproducibility (a) for an aluminium-steel joint (b) for a steel-steel joint.
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Parameter optimization for meaningful measurement

The sample size was kept the same and five joints were made at 25 mm spacing
(Fig. 4.9.9a) using rivets and die selected according to the total ply thickness and
sheet materials. The maximum force was 49 kN and rivet setting pressure was 215
bar, whereas the pre-clamp pressure was 130 bar. Force and displacement were
recorded during SPR and it was observed that the riveting process showed high
reproducibility, as shown in Fig. 4.9.8. Hence, the joint located in the middle of
the specimen shown in Fig. 4.9.9a was chosen for residual stress evaluation. A
cross-section of the middle joint (Fig. 4.9.9b) was taken after the neutron
diffraction analysis was completed.

Fig. 4.9.9 (a) Steel- steel riveted joint under investigation, and (b) cross-sectioned
middle joint after neutron diffraction evaluation were made.
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Residual stress in different SPR joints

Nine different combinations of joints comprised of two different material
hardnesses, three forms of rivet hardnesses and three types of material thicknesses
were chosen for this study according to Table 4.9.1. In each case five joints were
created in each specimen and the joint in the middle was investigated for residual
stress evaluation.

4.10

Static strength tests

Static strength of the SPR joints was examined in two different loading
conditions: Cross-tension and lap-shear. Nine different combinations of joints
comprised of three types of thicknesses (5.0, 4.0 and 3.0 mm) and two different
hardnesses of material (G300 and G450 carbon steel with hardnesses of 198 HV
and 270 HV respectively), and two forms of rivet hardnesses (555 and 480 HV)
were considered for both loading conditions in this study. A flat die was used for
each condition with a high die recess volume for the thick joint and a low die
recess volume for the thin joint.

The static test was performed in a MTS machine under displacement control at a
rate of 1 mm / minute. The experiment was programmed in a way so that the
process stopped automatically when the joint failed. The force and the
displacement were recorded during the examination with a logging rate of 20 Hz
and the force was plotted as a function of displacement. The analysis of these
results is discussed in Chapter 7.
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Cross-tension loading condition

For the purpose of good statistics, five test pieces were produced for each joint
combination for cross-tension loading condition (Fig. 4.10.1) using a single rivet
pierced in the middle of the sheets. It was observed that the force-displacement
curve for a single riveted joint overlayed with the force-displacement curves of 5
riveted joint. To test the cross-tension strength the specimen was mounted in a
MTS machine as shown in Fig. 4.10.2.

Fig. 4.10.1 Diagram of a single point cross-tension SPR joint (a) schematic and
(b) experimental.

Fig. 4.10.2 Lab setup for the cross-tension test in a MTS machine.
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Lap-shear loading condition

Like the cross-tension condition, again five test pieces were produced for each
joint combination for cross-tension loading condition (Fig. 4.10.3) using a single
rivet pierced in the middle of the sheets. To test the lap-shear strength the
specimen was mounted in a MTS machine as shown in Fig. 4.10.4.

Fig. 4.10.3 Diagram of a single point lap-shear SPR joint (a) schematic and (b)
experimental.
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Fig. 4.10.4 Lab setup for the cross-tension test in a MTS machine.
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CHARACTERIZATION OF RIVETING PROCESS

For process monitoring, measurable parameters should be established. A
characteristic curve can be produced by measuring force and displacement
directly during riveting. A typical force-displacement curve is shown in Fig. 5.1
for the SPR process. Such a curve is usually divided into four steps to describe
key events occurring during SPR, namely: step I – bending of sheet and partial
filling of die; step II – piercing of top sheet and sheet bending when the rivet is
driven through the top sheet by shearing; step III – die filling, penetration of rivet
in the bottom sheet and start of spreading of rivet; and step IV – rivet flaring,
setting of the rivet head and forming of the interlock [15-17].

Fig. 5.1 Force-displacement curve of 2.5 mm + 2.5 mm sheets (280 HV) joint
with an 8 mm long rivet having a hardness of 555 HV.
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To understand the riveting process, it is necessary to fully characterize the forcedisplacement curve by determining the length of each step in terms of
displacement and the effects of stack thickness, rivet length and hardness of ply
materials and rivet on the characteristic force-displacement curve. Therefore a
series of SPR experiments was conducted on steel sheets of different hardnesses,
where the formation of joints was interrupted at different positions by inserting
spacers between the upsetting die and die holder. In all experiments, the force and
punch displacement of the punch in the riveting direction (Fig. 4.8.1) were
measured directly during the riveting process using a load cell and LVDT,
respectively. Chapter 5.1 describes the procedures developed from interrupted
test.
Selection of a die is a very important part of the riveting process. Improper die
selection may lead to cracking, resulting in an unwanted joint in the SPR process.
Details of die selection are shown in chapter 5.2. In the following stage (chapter
5.3) the effect of die depth on the characteristic curve is illustrated. Chapters 5.4
and 5.5 demonstrate the influence of ply materials’ hardness and thickness on the
characteristic curve respectively. The force-displacement profile is also changed
by rivet hardness. The dependency of the characteristic curve on rivet hardness is
explained in chapter 5.6. Finally the change in characteristic curve subject to
single ply and double ply is narrated in chapter 5.7. While acknowledging the
multifactorial dependency on the whole process parameters, the approach used in
this thesis was to conduct a systematic analysis by changing one parameter at a
time in sections 5.1 to 5.7.
C-frame deflection occurs during the riveting process in the SPR rig. The
measuring technique of the C-frame deflection and characterization of the forcedisplacement curve after deducting the C-frame deflection is reported in the
subsequent sections of this chapter.
Finally, a simple and effective model has been developed to determine rivet
flaring in self-piercing riveted (SPR) joints after introducing C-frame deflection in
this chapter. Fourteen different conditions have been considered, comprising three
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types of thicknesses and two different hardnesses of ply materials, and steel rivets
with three forms of hardness values. Some joints have been interrupted at
different punch positions and cross-sections of those joints have been taken in
order to identify the starting point of rivet flaring and to determine the flaring path
of the rivet tip. The internal geometric characteristics of interrupted joints have
been measured from cross-sections by quantitative metallography and have been
related to the force-displacement curve obtained for each joint.
This chapter shows that the characteristic force-displacement curve can be used to
predict the rivet flaring inside an SPR joint by using the mathematical relationship
developed which eliminates the need for having to cross-section the joint to
determine rivet flaring by quantitative metallography. Another destructive method
for rivet flaring measurement is rivet extraction but information on effective rivet
length on the bottom sheet may be lost.

5.1

Interrupted test

SPR joining involves mainly two distinct events (piercing and flaring) during the
process. During SPR, a tubular rivet is driven through the top sheet, piercing but
not perforating the bottom sheet, accompanied by flaring of the legs in the bottom
sheet under the guidance of a suitable die. The rivet material should have adequate
hardness to pierce the top sheet and sufficient ductility to deform in the bottom
sheet without cracking, thereby providing a sound mechanical interlock between
the top and bottom sheets. To characterize the force-displacement curve, a series
of SPR experiments was conducted on carbon steel sheets (G300 and G450
carbon steel having hardnesses of 198 HV and 270 HV respectively), where the
formation of joints was interrupted at different positions by inserting spacers
between the upsetting die and die holder according to Table 5.1.1 The interrupted
positions were chosen in order to obtain sufficient snapshots to understand what is
happening during SPR. The length of the rivet was chosen according to the total
ply thickness together with the die-set. It should be noted that all these materials
and sizes are realistic for industrial conditions.
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Table 5.1.1 Materials and joining parameters (pre-clamp pressure was 125 bar).
Rivet
Joint
parameters

Ply
materials

Condition 1

2.5 mm +
2.5 mm
G450

Condition 2
Condition 3
Condition 4
Condition 5
Condition 6
Condition 7

5.1.1

2.5 mm +
2.5 mm
G300
2.0 mm +
2.0 mm
G300
2.0 mm +
2.0 mm
G300
2.0 mm +
2.0 mm
G300
1.5 mm +
1.5 mm
G300
1.5 mm +
1.5 mm
G300

Length
(mm)

Hardness
(HV)

Die (flat die
profile)
Diame
Depth
ter
(mm)
(mm)

Interruption
distances (mm)
3.45, 3.90, 4.20,
4.30, 4.40, 4.70,
4.90, 5.40, 6.30,
7.30, 8.20, 9.10, 9.80
2.60, 3.25, 3.90,
4.40, 5.00, 5.60,
7.10, 7.60, 8.50, 9.50
1.85, 2.35, 3.35,
3.55, 4.25, 5.25,
6.60, 8.50
1.90, 2.25, 2.85,
3.30, 4.40, 5.50,
6.60, 8.70

8

555

2.35

11

8

555

3.0

10

7

555

2.5

10

7

480

2.5

10

7

410

2.5

10

2.30, 3.60, 4.20,
4.90, 6.15, 8.35, 8.80

6

480

2.3

9

1.85, 2.50, 2.90,
3.40, 4.10, 4.50, 6.95

6

410

2.3

9

2.00, 2.50, 2.95,
3.45, 3.95, 4.45, 7.50

Condition # 1 (2.5 + 2.5 mm G450 carbon steel)

To thoroughly understand the SPR process, at first, a thick sheet (stack thickness
of 5.0 mm) of hard material (G450 carbon steel) was chosen and interrupted at 13
different positions (condition 1 in Table 5.1.1). Force-displacement curves, photo
of SPR joints from the die side and cross-sections of joints are shown in Figs.
5.1.1-26. It can be observed from these figures that during the early stage of the
SPR process, bending of sheet metal occurred, and the die was filled partially by
the material. The sheet deformed plastically, but no failure occurred as the stress
generated during this period was below the ultimate strength of material.
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Interruption distance of 3.45 mm
A photograph of a SPR joint from the die side, a cross-section of the joint and a
force-displacement curve interrupted at 3.45 mm are shown in Figs. 5.1.1-2. The
rivet wall remained straight (Fig. 5.1.1b). At the beginning, the force started to
increase with a high gradient up to 1 mm displacement (Fig. 5.1.2). Then, the
curve flattened, indicating the start point of piercing into the top sheet by the rivet.

Fig. 5.1.1 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm +
2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted at
3.45 mm.

Fig. 5.1.2 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 3.45 mm.
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Interruption distance of 3.90 mm

A photograph of a SPR joint from the die side, a cross-section of the joint and a
force-displacement curve interrupted at 3.90 mm are shown in Figs. 5.1.3-4. It is
noticeable from Fig. 5.1.4a that after a displacement of 3.0 mm the force dropped
gradually due to the decrease in bending force, where a gap was observed between
top and bottom sheet (Fig. 5.1.3b). However, it can be observed from Fig. 5.1.6
that at 3.90 mm the force started to increase. Fig. 5.1.3a shows that a flat round
spot was created in the middle of the joint due to the footprint from the die bottom
surface, i.e., the bottom sheet touched the die bottom surface at a displacement of
3.90 mm. The touch point of the die bottom surface depends mainly on the
hardness and thickness of the materials and the die parameters (diameter and
depth). It is observed from Fig. 5.1.3b that the rivet wall also remained straight.

Fig. 5.1.3 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm +
2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted at
3.90 mm.
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Fig. 5.1.4 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 3.90 mm.

Interruption distance of 4.20 mm

As soon as the bottom sheet touched the die bottom surface at a displacement of
3.90 mm (Fig. 5.1.6), the force started to increase due to the increased reaction
force from the die. Before this point (3.9 mm) the flow of material towards the die
cavity occurred mainly axially in the riveting direction, and then radially. For this
reason, the size of the footprint from the die bottom surface of the joint increased
gradually with the displacement (Fig. 5.1.5a) while the wall of the moving rivet
remained straight (Fig. 5.1.5b).

113

Characterization of riveting process

Chapter 5

Fig. 5.1.5 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm +
2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted at
4.20 mm.

Fig. 5.1.6 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 4.20 mm.

Interruption distance of 4.30 mm
It is evident from Fig. 5.1.8 that the force started to increase gradually with
displacement after the first drop at 3.90 mm. This increase in force was mainly
related to the material flow in the radial direction characterised by the increasing
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size of the foot print in the bottom sheet material (Fig. 5.1.7a). It is also obvious
from Figs. 5.1.7-8 that the die was filling up with the material while the rivet was
piercing the top sheet. The rivet wall also remained straight (Fig. 5.1.7b).

Fig. 5.1.7 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm +
2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted at
4.30 mm.

Fig. 5.1.8 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 4.30 mm.
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Interruption distance of 4.40 mm
The size of the foot print from the die bottom surface continued to increase with
displacement (Fig. 5.1.9a) and the rivet wall remained straight (Fig. 5.1.9b). The
force continued to increase with a low gradient while the rivet was piercing the
top sheet.

Fig. 5.1.9 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm +
2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted at
4.40 mm.

Fig. 5.1.10 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 4.40 mm.
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Interruption distance of 4.70 mm
A second drop in force was observed at a displacement of 4.50 mm (Fig. 5.1.12).
The resistance force decreased from 33 kN to 32 kN once the top sheet was
perforated, the decrease thus indicating the end of piercing of the top sheet as
shown clearly in Fig. 5.1.11b the rivet completed the piercing of the top sheet.
The decrease in force would be more visible for a thick and hard top sheet. For a
thin and soft top sheet this drop in force would be less visible.

Fig. 5.1.11 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm
+ 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted
at 4.70 mm.

Fig. 5.1.12 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 4.70 mm.
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Interruption distance of 4.90 mm
Once the top sheet was pierced the force rose again (Fig. 5.1.14) as more material
flowed inside the die cavity. The size of the footprint continued to increase (Fig.
5.1.13a) and the rivet wall remained straight (Fig. 5.1.13b).

Fig. 5.1.13 (a) Photo of the SPR joint from die side and (b) cross-section of 2.5
mm + 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV
interrupted at 4.90 mm.

Fig. 5.1.14 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 4.90 mm.
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Interruption distance of 5.40 mm

The force increased linearly during this period (Fig. 5.1.16). Material movement
without plastic deformation in the riveting direction was no longer possible
towards the die. The rivet then started to penetrate the bottom sheet (Fig. 5.1.15b).
A minimum of rivet penetration in the bottom sheet is necessary before the rivet
starts to flare for an effective mechanical interlock. Thus the length of this stage
gives the characteristics of the penetration of the rivet into the bottom sheet (teff in
chapter 7).

Fig. 5.1.15 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm
+ 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted
at 5.40 mm.
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Fig. 5.1.16 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 5.40 mm.

Interruption distance of 6.30 mm

It is clear from Fig. 5.1.17a that the diameter of the footprint continued to increase
with displacement. It is also clear from Fig. 5.1.17b that the rivet wall is no longer
straight i.e. rivet flaring has started. The corresponding sudden rise in force is not
visible in Fig. 5.1.18 as the SPR process was interrupted just at that point, but the
step rise in force is visible with the next interrupted distance (Fig. 5.1.20). The
rivet was pushed downward because the punch pressure was applied until the preset rivet pressure was reached. So a sudden increase in force is observed at a
displacement of 6.30 mm and flaring, and in some cases bulging, of the rivet
started (Fig. 5.1.20). Rivet bulging occurs when the sheet is too hard compared to
the rivet hardness, or when the rivet is too long compared to the joint stack
thickness.
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Fig. 5.1.17 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm
+ 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted
at 6.30 mm.

Fig. 5.1.18 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 6.30 mm.
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Interruption distance of 7.30 mm
As the rivet started to flare, material flow in the radial direction increased. A rapid
increase in the diameter of the footprint is observed in Fig. 5.1.19a due to material
flow in radial directions. Thinning of bottom ply started (Fig. 5.1.19b) and the
force increased linearly with a higher gradient (Fig. 5.1.20).

Fig. 5.1.19 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm
+ 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted
at 7.30 mm.

Fig. 5.1.20 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 7.30 mm.
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Interruption distance of 8.20 mm
Thinning of bottom ply continued to occur (Fig. 5.1.21b) and the force continued
to increase in a linear manner (Fig. 5.1.22). The thinning of the bottom sheet
followed the rivet tip geometry.

Fig. 5.1.21 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm
+ 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV interrupted
at 8.20 mm.

Fig. 5.1.22 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 8.20 mm.
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Interruption distance of 9.10 mm
Thinning of the bottom ply continued to occur (Fig. 5.1.23b) and the force
continued to increase in a linear manner (Fig. 5.1.24).

Fig. 5.1.23 (a) Photo of the SPR joint from die side and (b) cross-section of 2.5
mm + 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV
interrupted at 9.10 mm.

Fig. 5.1.24 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV interrupted at 9.10 mm.
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SPR interrupted distance at 9.80 mm (complete joint)

It is clear from Fig. 5.1.25b that rivet flaring and thinning of bottom ply continued
to occur up to the end of the riveting process. The mechanical interlock was
created gradually by the rivet flaring. The mechanical interlock occurs if the rivet
penetrates and flares into the bottom sheet, but if flaring occurs between the top
and bottom sheets no interlock would form. The force increases with a high
gradient, continuously pushing the cylindrical wall of the rivet to flare outwards,
which gradually forms the interlock by this outward deformation of the rivet wall
(rivet flaring) and compression of the sheets in the die recess and rivet bore.

Fig. 5.1.25 (a) Photo of a SPR joint from die side and (b) cross-section of 2.5 mm
+ 2.5 mm G450 steel joint with 8 mm long rivet of hardness 555 HV at 9.80 mm
(complete joint).
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Fig. 5.1.26 Force-displacement curve of 2.5 mm + 2.5 mm G450 steel joint with 8
mm long rivet of hardness 555 HV at 9.80 mm (complete joint).

The whole sequence of interrupted force-displacement curves and associated
joints’ cross-sections obtained at the different stages for condition 1 in Table 5.1.1
is shown in Fig. 5.1.27. It was clear that successive interrupted curves consistently
match each other and fit with the un-interrupted full SPR cycle, which
demonstrated that the process had very good reproducibility and the method of
interruption had not unduly affected the process conditions, aside from the
incompleteness of a given cycle.
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Fig. 5.1.27 Force-displacement curve for different steps of 2.5 mm + 2.5 mm
G450 steel joint with 8 mm long rivet of hardness 555 HV.

5.1.2

Condition # 2 (2.5 + 2.5 G300 carbon steel)

After thoroughly studying the force-displacement curve of a thick and hard
material, an understanding was developed of the riveting process. To develop the
understanding further, another condition was chosen (condition 2 in Table 5.1.1).
In this condition the thickness of the material was kept the same as in the previous
condition but a soft material (G300 steel having a hardness of 198 HV) was
chosen. However, the number of interruptions was decreased: the joint was
interrupted at 10 different positions instead of 13. The whole sequence of
interrupted force-displacement curves and associated joints’ cross-sections
obtained at different stages for condition 2 in Table 5.1.1 are shown in Fig. 5.1.28.
It is clear from Fig. 5.1.28 that the force reached a value of 32 kN was lower than
the condition 1 (36 kN), due to less rigidity of a soft material which requires less
bending force. The first force drop was observed after a displacement of 4.20 mm.
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The magnitude of the force drop in this case was much higher (6 kN) compared
with condition 1 (2 kN), because of the combination of two simultaneous
processes: force drop due to bending and force drop once the rivet perforated the
top sheet.

Fig. 5.1.28 Force-displacement curves for different steps of 2.5 mm + 2.5 mm
G300 steel joint with 8 mm long rivet of hardness 555 HV.

Once the top sheet was pierced, the force increased gradually with displacement.
This was due to material flow inside the cavity, as for condition 1 in Table 5.1.1.
The force was increased linearly with the displacement. A sudden increase in
force was observed at a displacement of 6.30 mm which indicated the start of rivet
flaring. The rivet shank remained straight before this sudden increase in force
(Fig. 5.1.28), but the shank of the rivet started bending after this step rise of force
was observed. Thinning of the bottom ply continued to occur at this stage and the
force increased with a high gradient. The force was due to the punch pressure
continuously pushing the cylindrical wall of the rivet to flare outwards, which
gradually forms the interlock.
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The detailed force-displacement curve and associated cross-section of each
interruption are provided in Appendix A. It is clear that successive interrupted
curves consistently match each other as seen for the previous condition, and fit
with the un-interrupted full SPR cycle, which demonstrated that the process had
very good reproducibility and the method of interruption had not unduly affected
the process conditions, aside from the incompleteness of a given cycle.

5.1.3

Condition # 3 (2.0 + 2.0 mm G300 carbon steel and 555 HV rivet)

To develop knowledge of a riveting process for thin materials combination,
another condition was chosen: condition 3 in Table 5.1.1. In this condition the
thickness of the material was reduced to 2.0 mm. Because of the improved
familiarity, the number of interruptions was decreased further: the joint was
interrupted at 8 different positions. The length of the rivet was reduced to 7 mm as
total stack thickness was reduced. The die was changed in order to accommodate
the reduced volume of the stack. The sequence of interrupted force-displacement
curves and associated joints’ cross-sections obtained at the different stages for
condition 3 in Table 5.1.1 are shown in Fig. 5.1.29. Good reproducibility of the
process was also observed here.
It is clear from Fig. 5.1.29 that the force reached up to 26 kN during the bending
stage of the riveting process, which was lower than the previous condition. This
was due to the reduced thickness of ply materials which reduces the overall
stiffness. The first force drop was observed at a displacement of 3.10 mm. As the
thickness of ply materials was reduced, the force drop due to bending was less
visible and here the force drop occurred mainly due to the rivet piercing the top
sheet completely. The force then started to increase gradually due to the reaction
force when the bottom sheet touched the die bottom surface. As for the previous
two conditions, a step rise in force was also observed (at a displacement of 5.0
mm in Fig. 5.1.29), indicating the start point of rivet flaring which was also
confirmed by the observation of the cross-sections. Again, the force started to
increase but with a higher gradient. The detailed force-displacement curve and
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associated cross-section of each interruption for condition 3 are provided in
Appendix A.

Fig. 5.1.29 Force-displacement curves for different steps of 2.0 mm + 2.0 mm
G300 steel joint with 7 mm long rivet of hardness 555 HV.

5.1.4

Condition # 4 (2.0 + 2.0 mm G300 carbon steel and 480 HV rivet)

To understand the riveting process due to a change in rivet hardness another
joining condition was chosen to be investigated: condition 4 in Table 5.1.1. In this
case, all the joining parameters were kept the same as in condition 3 except for the
rivet hardness. A rivet was chosen with a hardness of 480 HV. The sequence of
interrupted force-displacement curves and associated joints’ cross-sections
obtained at the different stages for condition 4 in Table 5.1.1 are shown in Fig.
5.1.30. The reproducibility of the process was also found to be good. Detailed
force-displacement curve and associated cross-section of each interruption for
condition 4 are provided in Appendix A.
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Fig. 5.1.30 Force-displacement curves for different steps of 2.0 mm + 2.0 mm
G300 steel joint with 7 mm long rivet of hardness 480 HV.

Like the previous condition, the force reached a value of 26 kN at the bending
stage. This demonstrated that the force due to bending was dependent on the
material properties not on rivet properties. Unlike the previous three conditions,
no force drop was observed in this condition, but a rise in force was observed at a
displacement of 3.20 mm and then a change in slope was observed. The force
drop due to the completion of piercing of the top sheet was not visible because the
bottom sheet touched the die bottom surface immediately before the rivet
completed piercing the top sheet. It should be noted that the rivet completed the
penetration through the top sheet a bit earlier in condition 3 (at a displacement of
3.10 mm in Fig. 5.1.29) due to a hard rivet. The remaining part of the forcedisplacement curve behaved similarly to the previous case. A step rise in force
was observed at a displacement of 4.90 mm (Fig. 5.1.30) indicating the start point
of rivet flaring. Then the force started to increase with a high gradient. It should
also be noted that the gradient of the force-displacement curve at this condition
was less than the previous condition; the soft rivet required less force to be flared.
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Condition # 5 (2.0 + 2.0 mm G300 carbon steel and 410 HV rivet)

Another condition was chosen with an even softer rivet (410 HV) while keeping
all other parameters same as in conditions 3 and 4. The number of interruptions
was reduced again (only 7 for this condition). The cross-sections and the
associated force-displacement curves for this condition are shown in Fig. 5.1.31.
The same good reproducible behaviour was found for this condition.

Fig. 5.1.31 Force-displacement curves for different steps of 2.0 mm + 2.0 mm
G300 steel joint with 7 mm long rivet of hardness 410 HV.

The first change in slope was observed at a displacement of 3.30 mm. As the
hardness of the rivet reduced, the piercing of the top sheet required more
displacement (3.30 mm) compared to the hard rivet (3.20 mm). The step rise of
force was observed at a displacement of 4.85 mm which was earlier than the
previous two conditions because of the same reason (the soft rivet required less
force to flare). Again, the gradient at which the force increased at its last stage was
lower than the previous two conditions. Detailed force-displacement curves and
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associated cross-sections of each interruption for condition 5 are provided in
Appendix A.

5.1.6

Condition # 6 (1.5 + 1.5 mm G300 carbon steel and 480 HV rivet)

The thickness of the material was reduced further in condition 6 in Table 5.1.1.
The thickness of both top and bottom sheets was 1.5 mm. The length of the rivet
was also reduced to 6 mm as the thickness of the total stack was reduced to 3.0
mm. The cross-sections and the associated force –displacement curve for this
condition are shown in Fig. 5.1.32. Good reproducibility still exists in this
condition.

Fig. 5.1.32 Force-displacement curves for different steps of 1.5 mm + 1.5 mm
G300 steel joint with 6 mm long rivet of hardness 480 HV.
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Force rise due to bending at the initial stage of the SPR process decreased to 23
kN due to thin materials. The first change in slope was observed at a displacement
of 2.60 mm. The step rise of force was observed at a displacement of 4.80 mm.
Detailed force-displacement curves and associated cross-sections of each
interruption for condition 6 are provided in Appendix A.

5.1.7

Condition # 7 (1.5 + 1.5 mm G300 carbon steel and 410 HV rivet)

Finally, another condition was chosen in order to check the effect of rivet
hardness in thin ply materials: condition 7 in Table 5.1.1. In this condition, a
reduced hardness of rivet (410 HV) was chosen and all other parameters were kept
identical with those for condition 6. The cross-sections and the associated forcedisplacement curves for this condition are shown in Fig. 5.1.33. Again, good
reproducibility exists in this condition.

Fig. 5.1.33 Force-displacement curves for different steps of 1.5 mm + 1.5 mm
G300 steel joint with 6 mm long rivet of hardness 410 HV.

134

Characterization of riveting process

Chapter 5

Force rise due to bending at the initial stage of the process again reached 23 kN
due to the same material (thickness and hardness). The first change in slope was
observed at a displacement of 2.60 mm. The step rise of force was observed at a
displacement of 4.75 mm which was earlier than that for the previous condition
due to the soft rivet. Detailed force-displacement curves and associated crosssections of each interruption for condition 7 are provided in Appendix A.
The interrupted tests have mainly focussed on understanding the physical events
involved in the formation of SPR joints by characterizing and relating the forcedisplacement curve to the joint’s structure. A systematic characterization study of
the SPR process using force-displacement curves has been carried out by
interrupting the formation of SPR joints at different rivet positions for three types
of thicknesses and two different hardnesses of ply materials with three levels of
rivet hardness. The understanding and knowledge gained from this study could be
used for monitoring of the industrial SPR process. The same study could also be
used to select the appropriate die for a given combination of ply material
thickness and hardness.

5.2

Selection of die

Selection of the die is the first key point of the SPR process. A proper die is
necessary to create a sound joint. The die should be chosen to accommodate the
volume of material that needs to be displaced in order to produce a joint. The
thickness of material is an important parameter to consider in selecting a proper
die. The depth of the die should be controlled to avoid cracking in the bottom
sheet.
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5 mm (2.5 mm + 2.5 mm) stack thickness

A force-displacement curve, a cross-section and a scan from the tail of the joints
for a 5.0 mm stack thickness (2.5 + 2.5 mm G450 carbon steel) and 8.0 mm long
rivet (555 HV) for die depths of 2.35 and 3 mm are shown in Figs. 5.2.1 and 2. It
is clear from Fig. 5.2.2 that using a wrong die can lead to severe cracking as
observed in the bottom sheet. The rivet also became exposed to the environment
which is not good in terms of corrosion. It can be observed from Fig. 5.2.1 that the
force dropped rapidly after a displacement of 2.0 mm for the wrong die. This
means the crack was initiated at a very early stage of the SPR process. As the die
was too deep, there was no support for the bottom sheet while it went under
bending. So, a crack was initiated due to excessive bending at the early stage of
the process.

Fig. 5.2.1 Force-displacement curves for different die of 2.5 + 2.5 mm G450
carbon steel joint with an 8 mm long and 555 HV rivet (a) 2.35 mm deep die and
(b) 3.0 mm deep die.
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Fig. 5.2.2 Cross-sections and scans from the tail side for different die for 2.5 +
2.5 mm G450 carbon steel joints with 8 mm long and 555 HV rivets (a1, a2) 2.35
mm deep die and (b1, b2) 3.0 mm deep die.

5.2.2

4 mm (2.0 mm + 2.0 mm) stack thickness

Die selection is also important for thin ply materials combination. Forcedisplacement curves, cross-sections and scans from the tail of joints for 4.0 mm
total stack thickness (2.0 mm G40 steel + 2.0 mm G450 steel) and 7.0 mm long
rivet with different hardnesses of 555 and 480 HV are shown in Figs. 5.2.3 and 4.
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Fig. 5.2.3 Force-displacement curves depending on different dies for 2.0 mm +
2.0 mm G450 carbon steel joints with a 7 mm long rivet (a) 555 HV and (b) 480
HV rivet with 2.1 mm deep die, (c) 555 HV and (d) 480 HV rivet with 2.5 mm
deep die.

Fig. 5.2.4 Cross-sections and scans from the tail side depending on die depth for
2.0 + 2.0 mm G450 carbon steel joints with a 7 mm long rivet (a1, a2) 555 HV
and (b1, b2) 480 HV rivet with 2.1 mm deep die, (c1, c2) 555 HV and (d1, d2)
480 HV rivet with 2.5 mm deep die.
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It is clear from Figs. 5.2.3-4 that a very good joint as well as a good cross-section
was possible by using a proper die. While using a 2.5 mm deep die, a sharp force
drop was observed at a displacement 3.1 mm (Fig. 5.2.3) which was at the end of
the bending stage. The bottom sheet showed cracking because of excessive
bending as there was no support from the die bottom surface. The crack was
created during bending and rivet hardness was not important in this case.

5.2.3

3 mm (1.5 mm + 1.5 mm) stack thickness

Another thickness (1.5 mm G40 + 1.5 mm G450) of ply materials was chosen to
study the effect of material thickness. In this case, a 6 mm rivet with a hardness of
480 HV was selected. A 9.0 mm diameter die was taken with two different depths:
2.3 and 2.0 mm. Force-displacement curves, cross-sections and scans from the tail
of the joints depending on die depth are shown in Figs. 5.2.5 and 6. A sharp drop
in force was observed at a displacement of 2.40 mm, which indicates the point of
crack creation in the bottom sheet (Fig. 5.2.5). Severe cracking in the tail side
material was observed for a wrong die which was 2.3 mm deep (Fig. 5.2.6). The
failure occurred for the same reason as discussed before. As the material was hard,
it was not possible for this material to flow in the riveting direction without
support. So the crack was initiated during the bending of the bottom sheet towards
the die cavity.
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Fig. 5.2.5 Force-displacement curves of 1.5 mm + 1.5 mm G450 steel joints with
6 mm long rivets having a hardness of 480 HV for a 9mm diameter die with depth
of (a) 2.0 mm and (b) 2.3 mm.

Fig. 5.2.6 Cross-sections and scans from the tail side for different dies of 1.5 +
1.5 mm G450 carbon steel joint with 6 mm long and 480 HV rivet (a1, a2) 2 and
(b1, b2) 2.3 mm deep die.
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Effect of die depth on the characteristic curve

As soon as an appropriate die has been chosen for a given combination of ply
materials thickness it is necessary to check the effect of die depth on the forcedisplacement curve. To do this, sheets of G300 carbon steel with three different
combinations of thicknesses were chosen. The lengths of the rivet were chosen
according to the total stack thickness.

5.3.1

5 mm (2.5 mm + 2.5 mm) stack thickness

A cross-section and a force-displacement curve for two different 5.0 mm joints
are shown in Fig. 5.3.1 depending on die depth. A flat die with two different
depths was used: 2.35 and 3.0 mm. Both joints were good but the joint produced
by the 2.35 mm deep die was better because of more flaring. A sharp drop in force
was observed after a displacement of 4.2 mm for the joint created by the die depth
of 3.0 mm. This sharp drop in force was due to two simultaneous processes: force
drop due to bending and force drop once the rivet perforated the top sheet.
It should be noted that, no crack was found in this case as a soft material (G300
carbon steel) was used which had an elongation of 15%. If a hard material was
used (G450 instead of G300 carbon steel), this amount of force drop would
represent an initiation of a crack in the bottom sheet due to excessive bending.
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Fig. 5.3.1 Force- displacement curves and associated cross-sections depending on
die depth of 2.5 + 2.5 mm G300 carbon steel joint with an 8 mm long 555 HV
rivet.

A rise in force was observed at a displacement of 5.10 mm and 6.45 mm for the
joint produced with 2.35 mm and 3.0 mm deep die respectively. This rise in force
indicates the starting point of rivet flaring. The rivet started to flare early for the
joint with the shallower die, while the overall displacement was the same. Thus,
more flaring of the rivet occurred inside the joint with the shallow die. As the
flaring is an important quality parameter for a riveted joint it is preferable to use a
shallow die. The height of the button in the die side of the joint was big for a deep
die as this height was determined by the depth of the die. The overall volume of
the deep die was high, so less force was required to displace the material inside
the die cavity. Due to this reason, the maximum force was lower with the deeper
die than the shallower die. A gap under the rivet head was observed for the joint
with the deep die, because the material that was displaced by the rivet was less
than the volume of the die cavity. On the other hand, no gap under the rivet head
was observed for the shallow die as the volume inside the die cavity matched the
volume displaced by the rivet.
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4 mm (2.0 mm + 2.0 mm) stack thickness

The effect of the die depth on the characteristic curve in a 4.0 mm total stack
thickness (2.0 mm + 2.0 mm) for two different hardnesses of the rivet is shown in
Fig. 5.3.2. Like the previous condition, a drop in force was observed at a
displacement of 2.60 mm for the 2.50 mm deep die while no drop in force was
observed for the 2.10 mm deep die regardless of rivet hardness. With a shallow
die (2.1 mm deep) the bottom sheet touched the die bottom surface before the
rivet completed the piercing of the top sheet. So no drop in force occured and the
positive force due to the reaction from the die bottom surface was higher than the
negative force due to completion of the piercing the top sheet. So the force started
to increase without any drop. A step rise in force was observed at a displacement
of 4.2 and 4.9 mm for the 2.1 mm deep and 2.5 mm deep dies respectively. As the
bottom sheet touched the die bottom surface earlier and the die filled up at an
earlier stage with the shallow die (2.1 mm deep), the reaction force required to
flare the rivet leg was achieved prior to a displacement of 4.2 mm. However the
total displacement was the same for both the shallow and deep dies. Hence, a
large flaring was observed for the 2.1 mm deep die (1.11 mm and 1.01 mm for
555 HV and 480 HV respectively) compared with that for the 2.3 mm die (1.03
mm and 0.78 mm for 555 HV and 480 HV respectively).
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Fig. 5.3.2 Force-displacement curves and associated cross-sections depending on
die depth of 2.0 mm + 2.0 mm G300 steel joint with a 7 mm long rivet.

5.3.3

3 mm (1.5 mm + 1.5 mm) stack thickness

The effect of the die depth was studied again by reducing the total stack thickness
to 3.0 mm (1.5 + 1.5 mm). In this case, the length of the rivet was reduced to 6.0
mm due to the decrease in total stack thickness. A 9.0 mm diameter die with two
different depths (2.3 and 2.0 mm) was used to produce the joints. The forcedisplacement curves are shown in Fig. 5.3.3. It can be observed that a drop in
force occurred at a displacement of 2.5 mm for a shallow die according to the
same principle described before. The step rise in force which indicates the start
point of the rivet flaring was observed at an earlier stage for the shallow die (4.4
and 4.9 mm for 2.0 and 2.3 mm deep dies respectively). Again, the total rivet
flaring (0.66 mm) was less for the die depth of 2.3 mm compared with that for the
die depth of 2.0 mm (0.90 mm).
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Fig. 5.3.3 Force-displacement curves and associated cross-sections depending on
die depth of 1.5 mm + 1.5 mm G300 steel joint with a 6 mm long 480 HV rivet.

5.4

Effect of ply material hardness on the characteristic
curve

Necessity of selecting a proper die and the effect of die depth on the characteristic
curve were discussed in the previous two sections. However, it is necessary to
detect the effect of ply material hardness on the characteristic force-displacement
curve. Two different hardnesses of materials consisting of three types of
thicknesses were chosen to investigate the effect of material’s hardness on the
characteristic curve.
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5 mm (2.5 mm + 2.5 mm) stack thickness

Two riveted joints of 5.0 mm (2.5 + 2.5 mm) thickness were produced with two
types of materials (G300 and G450 carbon steel with hardnesses of 198 HV and
270 HV respectively) using an 8 mm long and 555 HV rivet. A flat die with 11
mm in diameter and 2.35 mm depth was used to produce the above joints. The
characteristic force-displacement curves are shown in Fig.5.4.1. It is clear that the
material hardness mainly affects the bending stage of the SPR process and the
effect from the material’s hardness was negligible after 4.40 mm displacement.
The force reached 36 kN during the bending stage for the joint made with hard
material (G450 carbon steel). Hard material requires a high force to bend because
of high rigidity. As a result, the force was high for the G450 carbon steel joint.
The materials’ response was different up to a displacement of 4.4 mm as the
reaction force was mainly from the material. However, when the die was filled
with materials, the reaction force was mainly from the die and the material
properties were not prominent and the properties of rivet became dominant. Thus,
the two joints behaved similarly after 4.4 mm as the rivet length was the same.

Fig. 5.4.1 Force-displacement curves depending on material hardness of 2.5 + 2.5
mm joint with an 8 mm long rivet having a hardness of 555 HV.
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4 mm (2.0 mm + 2.0 mm) stack thickness

To study the effect of material hardness on the force-displacement curve again,
four more joints were produced by decreasing the total stack thickness to 4.0 mm:
two joints by G450 and another two joints by G300 carbon steel. In this case,
joints were produced with a 7 mm long rivet having two different hardnesses: 555
and 480 HV. The die was chosen according to the total stack thickness; 10 mm
diameter and 2.1 mm deep. The force- displacement curves depending on material
hardness for a 4.0 mm stack thickness are shown in Fig. 5.4.2. During the bending
stage of the SPR process, the force reached 31 kN for joints with G450 carbon
steel while the force was only 26 kN for joints produced with the G300 carbon
steel. The force continued to stay high for a hard material up to a displacement of
4.8 mm. After that displacement change in the gradient of the curve depends
mainly on the rivet hardness rather than material properties. A step rise in the
force was observed at 4.2 mm for G300 carbon steel but for G450 carbon steel,
the step rise in force was observed at of 4.8 mm. The total displacement was same
for all the joints, which indicates a high flaring for soft ply materials.

Fig. 5.4.2 Force-displacement curves depending on material hardness of 2.0 + 2.0
mm joint with a 7 mm long rivet.
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3 mm (1.5 mm + 1.5 mm) stack thickness

In this case the same materials were used by reducing the stack thickness to 3.0
mm. The length of the rivet was also reduced to 6.0 mm and the die geometry (9.0
mm diameter and 2.0 mm deep) was changed in order to control the required
volume that was needed to displace. Similar behaviour was also observed for a
thin combination of ply materials (Fig. 5.4.3). The forces during the bending were
27 kN and 22 kN for joints with G450 and G300 carbon steel respectively.

Fig. 5.4.3 Force-displacement curves depending on material hardness of 1.5 + 1.5
mm joint with a 6 mm long rivet having a hardness of 480 HV.
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Effect of ply material thickness on the characteristic
curve

Sheet thickness plays a very important role in the different stages of the
characteristic curve. As the overall thickness of the ply material increases, a
longer rivet is needed. So the first effect of stack thickness is on the overall length
of the force-displacement curve. This can be seen in Figs. 5.5.1-3 where the total
punch displacement were 9.6, 8.6 and 7.5 mm for a joint with G300 carbon steel
having a total ply thickness of 5, 4 and 3 mm, respectively. The same increase in
overall length of the force-displacement for G450 carbon steel which can be seen
in Figs. 5.5.4 and 5 where the total punch displacements were 9.6, 8.5 and 7.6 mm
for joints having a total ply thickness of 5, 4 and 3 mm, respectively.

5.5.1

G300 steel, 5.0 mm vs. 4.0 mm total stack thickness

The force-displacement curves depending on ply materials thickness are shown in
Fig. 5.5.1. The dies chosen to accumulate the appropriate volume that was needed
to displace were 11 and 10 mm in diameter, 2.35 and 2.1 mm in depth for 5.0 and
4.0 mm stack thicknesses respectively. It is clear from Fig. 5.5.1 that the force
reached 32 and 26 kN during the bending and piercing stage for the joint stack-up
thickness of 5 and 4 mm, respectively. This was due to an increase in the
thickness of material making the structure more rigid, which restricted the sheet’s
capacity to bend into the die cavity while generating higher forces. The overall
lengths of the curves were 9.6 and 8.6 mm for 5.0 and 4.0 mm joints respectively.
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Fig. 5.5.1 Force-displacement curves depending on material thickness for G300
carbon steel using a 555 HV rivet (5.0 mm vs. 4.0 mm).

5.5.2

G300 steel, 4.0 mm vs. 3.0 mm total stack thickness

The force-displacement curves depending on ply materials thickness for two
different rivet hardnesses are shown in Fig. 5.5.2. The dies chosen in order to
accumulate the appropriate volume of material that needed to be displaced were
10 and 9 mm in diameter, 2.5 and 2.3 mm in depth for 4.0 and 3.0 mm stack
thicknesses respectively. The force reached 26 and 22 kN for 4.0 and 3.0 mm
joints respectively. This was due to the same reason as discussed previously: an
increase in the thickness of material making the structure more rigid, which
restricted the sheet’s capacity to bend into the die cavity while generating higher
forces. It was also noticeable that the rivet hardness was not important during the
beginning of the process curve, but during the last part of the curve a high force
was observed for a hard rivet.
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Fig. 5.5.2 Force-displacement curves depending on material thickness for G300
carbon steel (4.0 mm vs. 3.0 mm).

5.5.3

G300 steel, 4.0 mm vs. 3.0 mm total stack thickness with shallower
die

The effect of sheet material thickness on the characteristic curve is further studied
by changing the die depth to 2.1 and 2.0 mm for stack thicknesses of 4.0 and 3.0
mm respectively. It can be observed from Fig. 5.5.3 that the force-displacement
curves showed similar behaviour as in Fig. 5.5.2. The force reached a high value
for the thicker joint during the bending and piercing stage.
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Fig. 5.5.3 Force-displacement curves depending on material thickness for G300
steel (4.0 mm vs. 3.0 mm).

5.5.4

G450 steel, 5.0 mm vs. 4.0 mm and 4.0 mm vs. 3.0 mm total stack
thickness

The effect of sheet material thickness on the force-displacement curve for G300
carbon steel has been observed before. However, it is still unknown whether the
characteristic curve would show the same behaviour for different materials. In
order to do so at first the same stack thicknesses were chosen by changing the
material (G450 instead of G300 carbon steel) while all other parameters were kept
the same. It is clearly visible from Fig. 5.5.4 that the force-displacement curves
showed similar behaviour as described before. A high force was observed for a
thick combination during the bending and piercing stage. The force reached 40
and 32 kN for the 5.0 and 4.0 mm joints respectively. The length of the overall
curve was low for a thin joint. Similar behaviour was also observed while
comparing 3.0 and 4.0 mm joint (Fig. 5.5.5).
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Fig. 5.5.4 Force-displacement curves depending on material thickness for G450
carbon steel (5.0 vs. 4.0 mm).

Fig. 5.5.5 Force-displacement curves depending on material thickness for G450
carbon steel (4.0 vs. 3.0 mm).
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Effect of rivet hardness on the characteristic curve

The effect of sheet material’s thickness on characteristic curve for different
materials was discussed in the previous section. However, there are also effects of
rivet hardness on the characteristic curve. The impact of rivet hardness on
characteristic curve is discussed in this chapter.

5.6.1

G300 steel with 4.0 mm total stack thickness

Force-displacement curves for joints having the same total ply thickness of 4.0
mm and produced using the same die, with rivets of the same length but of
different hardness are shown in Fig. 5.6.1. It was evident that the overall length of
the curve decreased from 8.8 to 8.7 then 8.5 mm with increasing rivet hardness
from 410 to 480 then 555 HV respectively. This decrease in overall length
indicates that the extent of rivet flaring is less for a harder rivet. It is also clear
from Fig. 5.6.1 that a harder rivet started piercing at an earlier stage, but started
flaring later. The slope of the last stage of the characteristic curve was higher for a
harder rivet. Other than this change of slope in last stage, the effect of rivet
hardness was not prominent on the characteristic curve in terms of the magnitude
of the force during each step of the curve.
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Fig. 5.6.1 Force-displacement curves depending on rivet hardness for 2.0 + 2.0
mm G300 carbon steel joint using a 2.5 mm deep die.

Similar behaviour of the force-displacement curve is found while using a shallow
die. Two joints were produced with G300 carbon steel of 2.0 mm as the top sheet
and the bottom sheet. The die depth was reduced to 2.1 mm by keeping the
diameter constant at 10.0 mm. The force-displacement curves are shown in Fig.
5.6.2. It is clear that after the die was filled up completely, rivet hardness started
to influence the force-displacement curve.
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Fig. 5.6.2 Force-displacement curves depending on rivet hardness for 2.0 mm +
2.0 mm G300 steel using a 2.1 mm deep die.

5.6.2

G450 steel with 4.0 mm total stack thickness

The effect of rivet hardness on the force-displacement curve was further examined
for G450 steel. Force-displacement curves are shown in Fig. 5.6.3 for joints
having the same total ply thickness of 4.0 mm and produced using the same die,
with rivets of the same length but of different hardnesses. It is apparent from Fig.
5.6.3 that the overall length of the curve was decreased from 8.5 mm to 8.4 mm
with increasing rivet hardness from 480 to 555 HV respectively. Like previously,
this decrease in overall length indicates that the extent of rivet flaring is less for a
harder rivet.
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Fig. 5.6.3 Force-displacement curves depending on rivet hardness for 2.0 mm +
2.0 mm G450 steel using a 2.1 mm deep die.

To compare the overall effect of the rivet hardness for both G300 and G450 steel
joints, the characteristic force-displacement curves were plotted in one graph (Fig.
5.6.4). It is obvious from Fig. 5.6.4 that the force reached a higher value during
the bending and piercing stage for harder material regardless of the rivet hardness.
The force started to increase in higher gradients at displacements of 4.55 and 6.45
mm due to higher rivet hardness for G300 and G450 carbon steel joints,
respectively. The total length of the curve in terms of displacement was higher for
the softer material (G300 carbon steel). However for the same material the length
was decreased with increase in the rivet hardness. The highest length of the curve
was found to be 8.8 mm for G300 carbon steel with a 480 HV rivet and the lowest
length was found to be 8.4 mm for G450 carbon steel with a 555 HV rivet.
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Fig. 5.6.4 Force-displacement curves depending on rivet hardness for 2.0 mm +
2.0 mm using a 2.1 mm deep die.

5.7

Change in the characteristic curve depending upon
single ply vs. double ply

The effect of sheet material properties (thickness and hardness), rivet properties
(hardness) and die depth on the force-displacement curve were discussed in
previous four sections (Chapters 5.3 to 5.6). To complete the loop, the change in
characteristic curve depending on single ply and double was examined.

5.7.1

5.0 mm total stack thickness with 555 HV rivet

Cross-sections and the associated force-displacement curves are shown in Fig.
5.7.1 and 2 for joints having the same total ply thickness of 5.0 mm using the
same die (11 mm diameter and 2.35 mm deep), with rivets of the same length (8.0
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mm) and hardness (555 HV) but single sheet and double sheet. A significant
deviation between the two curves was observed at the initial stages of the process;
during the material deformation into the die cavity. A single sheet provides a more
rigid structure than two single sheets. Thus, the force was high for a single thick
sheet joint. Once the material is deformed and contacts the die bottom surface
there is no discrimination: the sheets behave as a single element.

Fig. 5.7.1 Cross-sections of (a) double ply and (b) single ply of 5.0 mm joint
using an 8 mm 555 HV rivet with a 2.35 mm deep die.

Fig. 5.7.2 Force-displacement curves of (a) double ply and (b) single ply of 5.0 mm joint
using an 8 mm 555 HV rivet with a 2.35 mm deep die.
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4.0 mm total stack thickness with 555 HV rivet

Cross-sections and the associated force-displacement curves of a 4.0 mm joint
using the same die (10 mm diameter and 2.1 mm deep), with rivets of the same
length (7.0 mm) and hardness (555 HV) are shown in Figs. 5.7.3 and 4. A
significant deviation between the two curves was observed at the initial stages of
the process; during the deformation of the material into the die cavity. A single
sheet provides a more rigid structure than two single sheets. Thus, the force was
high for a single thick sheet joint. Once the material is deformed and contacts the
die bottom surface there is no discrimination: the sheets behave as a single
element.

Fig. 5.7.3 Cross-sections of (a) double ply and (b) single ply of 4.0 mm joint
using a 7 mm 555 HV rivet with a 2.1 mm deep die.
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Fig. 5.7.4 Force-displacement curves of (a) double ply and (b) single ply of 4.0
mm joint using a 7 mm 555 HV rivet with a 2.1 mm deep die.

5.7.3

4.0 mm total stack thickness with 480 HV rivet

It is clear from Figs. 5.7.1-4 that a significant deviation in force occurred at the
initial stages of the process but the sheets behave as single elements once the
material was deformed inside the die cavity and touched the die bottom surface.
However, a different behaviour was observed for a joint of total stack thickness of
4.0 mm while using a soft rivet (480 HV) instead of hard rivet (Figs. 5.7.5 and 6).
In this case, the deviation in force was observed at all the stages of the process.
The force stayed high even after the bottom sheet touched the die bottom surface.
After the material was deformed inside the die cavity and touched the die bottom
surface, the rivet started to bulge because of the more rigid structure of the single
sheet. The bulging of the rivet is clearly visible from the cross-section shown in
Fig. 5.7.5b. Hence, the force was always high for the single thick joint. Rivet
buckling also occurred at the final stage of the SPR process in the single thick
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sheet joint, which was represented by the horizontal line after a displacement of
7.60 mm (Fig. 5.7.6).

Fig. 5.7.5 Cross-sections of (a) double ply and (b) single ply of 4.0 mm joint
using a 7 mm 480 HV rivet with a 2.1 mm deep die.

Fig. 5.7.6 Force-displacement curves of (a) double ply and (b) single ply of 4.0
mm joint using a 7 mm 480 HV rivet with a 2.1 mm deep die.
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4.0 mm total stack thickness with 410 HV rivet

The force difference was more significant when a soft rivet was used (410 HV
rivet in Figs. 5.7.7 & 8). The rivet started to bulge at an earlier stage as the rivet
was soft compared with the rigid structure of the single sheet. So, a high force was
observed at a low displacement while using a soft rivet in a single sheet of 4.0 mm
resulted in severe bulging. Severe rivet buckling also occurred at the final stage,
which was represented by the horizontal line after a displacement of 7.20 mm
(Fig. 5.7.8).

Fig. 5.7.7 Cross-sections of (a) double ply and (b) single ply of 4.0 mm joint
using a 7 mm 410 HV rivet with a 2.1 mm deep die.
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Fig. 5.7.8 Force-displacement curves of (a) double ply and (b) single ply of 4.0
mm joint using a 7 mm 410 HV rivet with a 2.1 mm deep die.

5.8

C-frame deflection

It has been suggested that force-displacement curves could be used as a
fingerprint for all joints produced under the same conditions [1, 16, 17, 74]. Such
curves have also been used to verify the numerical modelling of the SPR process
[76, 82, 133, 167]. However, there was no information available on the C-frame’s
elastic deflection, which is known to occur [1], and whether this was taken into
account in reporting the displacement [16]. It is necessary to deduct the C-frame
deflection to characterize the force-displacement curve properly. In order to do so,
a flat bottom die was used as the sole insert to measure the C-frame deflection.
The pre-clamp pressure was 125 bar for all test conditions. Thus, for measuring
the C-frame deflection a pre-clamp pressure was chosen at 125 bar and the
riveting punch was run without any specimen or rivet. The displacements were
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measured for 5 different rivet setting pressures: 156, 176, 201, 223 and 241 bar. A
force-displacement curve was produced by using the above data (Figs. 5.8.1 and
2) and an equation was developed for the C-frame used for this experiment. By
deducting the displacement of the C-frame (measured from Fig. 5.8.1), a corrected
force-displacement curve was produced (Fig. 5.8.3), which was used to
characterize the force-displacement curve for the joint. A journal paper was
published by the present author on the measuring technique for C-frame
deflection [239].

Fig. 5.8.1 Raw data of C-frame deflection at a pre-clamp pressure of 125 bar.
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Fig. 5.8.2 C-frame deflection at a pre-clamp pressure of 125 bar.

Fig. 5.8.3 Force-displacement curves of 2.5 mm + 2.5 mm G300 with an 8 mm
long rivet having a hardness of 555 HV (a) before deducing and (b) after deducing
C-frame deflection.
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The SPR process involves C-frame deflection, yet no information is available
about this elastic deflection in previous studies. King (1997) described in his
thesis that C-frame deflection occurred only at the end stage of the SPR process
[1]. However, it is clear from Fig.5.8.1 that for different rivet setting pressures,
different displacements arose. Hence, and not unsurprisingly, C-frame deflection
occurs throughout the SPR process and, also as expected, it exhibits linear
behaviour. It is therefore necessary to account for C-frame deflection before
characterizing the force-displacement curve of the SPR process. All graphs
presented in this report were produced before deducting contributions from the Cframe deflection. However from this point all graphs in this thesis will be
presented after deducting the C-frame deflection. It should be noted that C-frame
deflection changes with different C-frames, which can affect the forces required in
producing the joint, so it is necessary to develop deflection equation for each
individual C-frame.

5.9

Characterisation of force-displacement curve

Piercing and flaring are the two main distinctive events involved in SPR joining
process. Some researchers described the characteristic curve as having four stages:
clamping, piercing, flaring and compression [74, 75, 82]. Hou et al. [16] described
the curve as comprising rivet edge cutting into the sheet, rivet penetration, filling
the die, and formation of interlock by rivet head squeezing. Hoang and co-authors
[15] defined the four steps as bending, shearing, spreading and setting. In contrast,
Porcaro and co-authors [76] segmented the characteristic curve into three different
segments: an elastic part, linear plastic part with hardening, and rising of force
due to die reaction.
In this work, the force-displacement curve is also divided into four parts, but with
different events occurring compared with those previously reported [15, 16, 7476, 82]: stage I – bending of sheet and partial filling of die, stage II – piercing of
top sheet and sheet bending, stage III – die filling, penetration of rivet in the
bottom sheet, stage IV – rivet flaring, thinning of bottom ply and rivet setting
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(Fig. 5.9.1). A journal paper on characterising the force-displacement curve was
published by the present author [239]. Each part of the curve is described in detail
below.

Fig. 5.9.1 Force-displacement curve of 2.5 mm + 2.5 mm sheets (280 HV) joint
with an 8 mm long rivet having a hardness of 555 HV.

5.9.1

Stage I – bending of sheet and partial filling of die

During this stage bending of the metal sheet occurs and the die is filled partially
by the material. The sheet plastically deforms, but no failure occurs as the stress
generated during this period is below the ultimate strength of the material. The
thickness of the ply material and the rivet hardness influence this step. The length
of this stage decreases with increasing ply material thickness and rivet hardness.
An increase in the thickness of material would make the structure more rigid,
which would restrict the sheet’s ability to bend into the die cavity. This will
induce the rivet to pierce the sheet at an early stage, which consequently reduces
the length of stage I. An increase in rivet hardness would induce piercing at an
early stage, thus reducing the length of stage I. At the beginning of this stage the
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force increases rapidly, but the gradient reaches a minimum at the end of this
stage. The thickness and properties of ply material (e.g. hardness) play a very
important role on the force developed in this stage: the thicker and harder the ply
materials, the higher are the force.

5.9.2

Stage II – piercing of top sheet and sheet bending

As soon as the force reaches the ultimate strength of the material, ductile failure is
initiated in the top sheet and piercing begins. The force is almost constant during
this stage for a given total stack thickness and the length of this stage mainly
depends on the thickness of the top sheet (Fig. 5.9.1). Other parameters have very
little influence on the length of this step (i.e., rivet length and ply material
thickness). The bottom sheet touches the die surface in this period, which induces
an increase in force (Fig. 5.9.1). In some cases, when the sheets are thin, the
bottom sheet touches the die’s bottom surface before this stage. The depth of the
die is very crucial for this stage, especially for materials which are less ductile.
Too deep a die would create a crack at this step (Figs. 5.2.1-6). The crack was
created due to excessive bending of the bottom sheet as the sheet was unable to
touch the die bottom surface to control the bending. For more ductile materials the
depth of the die would increase this step rather than creating a crack (Figs. 5.3.13). The force-displacement curve and cross-section of joints during this period are
shown in Figs. 5.1.1-10. At the end of this stage the force decreases a little as the
resistance force reduces once the top sheet is perforated, the decrease thus
indicating the end of piercing of the top sheet (Fig. 5.9.1). It is evident that this
decrease would be more visible for a thicker top sheet and a deeper die.

5.9.3

Stage III – die filling, penetration of rivet in the bottom sheet

This step mainly indicates the sheets filling in the die. Once the top sheet is
pierced the force rises again as more material flows inside the die cavity. The
force increases roughly linearly during this period. As soon as the die fills up
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completely, material movement without plastic deformation in the riveting
direction is no longer possible towards the die. The rivet then starts to penetrate
the bottom sheet. Rivet penetration in the bottom sheet is necessary before the
rivet starts to flare for an effective mechanical interlock. Thus the length of this
stage gives a signature of the penetration of the rivet into the bottom sheet. At the
end of this step, the die is completely filled with material, so no more material
movement is possible in any direction, but still the rivet is pushed downward
because the punch pressure is applied until the pre-set rivet pressure is reached. So
a sudden increase in force is observed with flaring, and in some cases bulging of
the rivet (Fig. 5.9.1). Rivet bulging occurs when the sheet is too hard compared to
the rivet hardness, or when the rivet is too long compared to the joint stack
thickness (Figs. 5.7.5-8). The interrupted force-displacement curves and
associated joints’ cross-sections during this stage are shown in Figs. 5.1.11-18.
The shank of the rivet remains straight during this step as the horizontal
component of the reaction force (FH in Fig. 5.9.2) is not sufficient to deform the
rivet material. As soon as the horizontal part of the force exceeds the resistance
force of the rivet wall, the rivet starts flaring, defining the end of this step. Hence,
the properties of the rivet mainly influence this stage. The die recess volume and
rivet hardness also influence this stage, with this stage lengthening with greater
die volume and higher rivet hardness.

5.9.4

Stage IV – rivet flaring, thinning of bottom ply and rivet setting

During this stage, rivet flaring as well as thinning of the bottom ply continue to
occur. This is the most crucial part of the SPR process as mechanical interlocking
takes place during this stage by rivet flaring. The mechanical interlock occurs if
the rivet penetrates and flares into the bottom sheet, but if flaring occurs between
the top and bottom sheet (when the length of stage III is too small) no interlock
would form. The force increases with a high gradient, continuously pushing the
cylindrical wall of the rivet to flare outwards, which gradually forms the interlock
by this outward deformation of the rivet wall (rivet flaring) and compression of
the sheets in the die recess and rivet bore. The interrupted force-displacement
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curves and associated joints’ cross-sections during this period are shown in Figs.
5.1.19-26. The force and displacement reach their maxima at the end of this stage.
These two parameters can be used to judge the quality of a joint for a given
process set-up (rivet length and hardness, total stack thickness and die geometry).
The amount of rivet flaring, which is ultimately related to the strength of the joint
[136], can be estimated from this step: the longer this step is, the greater is the
extent of rivet flaring. The rivet hardness mostly affects this stage: the higher the
rivet hardness, the shorter is the length of this step for a given geometry of rivets.
The die recess volume together with the joint stack-up design and rivet length also
influence this stage.

Fig. 5.9.2 Schematic diagram of starting of rivet flaring.

5.9.5

Effect of sheet thickness on the force-displacement curve

Sheet thickness plays a very important role in the different stages of the
characteristic curve. As the overall thickness of the ply material increases, a long
rivet is needed. So the first effect of stack thickness is on the overall length of the
force-displacement curve. This can be seen in Figs. 5.9.3-4 where the total punch
displacement was 8, 7 and 6 mm for a joint having a total ply thickness of 5, 4 and
3 mm, respectively.
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Fig. 5.9.3 Characteristic curves for joints of carbon steel sheets with rivets of 555
HV hardness: (a) 2.5 mm + 2.5 mm sheets + 8 mm long rivet with a 3 mm deep
die, and (b) 2.0 mm +2.0 mm sheets + 7 mm long rivet with a 2.5 mm deep die.

Fig. 5.9.4 Characteristic curves for joints of carbon steel sheets with rivets of
410HV hardness: (a) 2.0 mm + 2.0 mm sheets + 7 mm long rivet, and (b) 1.5 mm
+ 1.5 mm sheets + 6 mm long rivet.
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It is also clear from Figs. 5.9.3-4 that the length of stage I decreases with
increasing thickness while using rivets of the same hardness. For a rivet hardness
of 555 HV, the length of the first stage is 0.65 mm for a 4 mm stack-up joint, and
0.50 mm for a 5 mm stack-up joint. While, for a 480 HV rivet, this length is 0.85
mm for 3 mm stack-up joint, and 0.80 mm for a 4 mm stack-up joint. The force
developed during this stage also depends on the thickness of the top sheet. It can
be seen that the force reaches 33 kN, 26 kN and 22 kN for joint stack-up thickness
of 5, 4 and 3mm, respectively (Figs. 5.9.3-4). This is due to an increase in the
thickness of material making the structure more rigid, which would restrict the
sheet’s capacity to bend into the die cavity while generating a high force. This
would induce piercing at an earlier stage, which consequently reduces the length
of stage I.
Stage II is characterized mainly by piercing of the top sheet, so the length of this
step depends directly on the thickness of the top sheet. With a 555 HV rivet, the
length of this step is 3.15 mm and 2.25 mm for a total joint thickness of 5 and
4mm, respectively (Fig. 5.9.3). With a 410 HV rivet, the length of this step is 2.30
mm for a total joint thickness of 4 mm and reduces to 1.55 mm for a 3 mm thick
joint. The length of this step is a bit higher than the thickness of the top material,
because bending of the sheet away from the rivet continues during this step. The
bottom sheet touches the die bottom surface during this step for a joint thickness
of 5 mm and 4 mm, but for the 3 mm thick joint the bottom sheet touches the die
surface in the previous stage. This is due to the interplay between the force
required to pierce the top sheet and the force required to push the sheet into the
die cavity. A decrease in thickness would make the stack more flexible, which
means the material cannot generate sufficient reactive force on its own in order for
the rivet to pierce the top sheet hence the sheet is pushed down easily into the die
cavity. This would cause the bottom sheet to touch the die bottom surface at an
earlier stage.
There is no significant effect of ply material thickness on the third and fourth
stages of the characteristic curve. The die recess volume mainly affects the third
stage, but both the die recess volume and joint stack-up design, or gradient factor
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(ratio of die recess volume to total ply thickness), affect the fourth stage of the
characteristic curve.

5.9.6

Effect of material hardness on the force-displacement curve

Sheet material hardness also plays a very important role in the first two stages of
the characteristic curve. As the length of the rivets and the setting pressure are
similar the overall length of the curve is equal (Fig. 5.9.5). It is clear from Fig.
5.9.5 that the length of the each stage is also equal. A big deviation in force is
observed during stage I: 34 and 28 kN for G450 and G300 steel respectively. The
force remains at a high value during stage II as well. The force reached at a value
of 36 and 32 kN during stage II for G450 and G300, respectively. No significant
effect of material hardness was observed during stages III and IV.

Fig. 5.9.5 Characteristic curves for joints of 2.5 mm + 2.5 mm sheets with 8.0 mm
rivets of 555HV hardness: (a) G450 steel, and (b) G300 steel.
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Effect of rivet hardness on the force-displacement curve

Rivet hardness plays a very important role in the four different stages of the
characteristic curve. Force-displacement curves are shown in Fig. 5.9.6 for joints
having the same total ply thickness of 4 mm and produced using the same die,
with rivets of the same length but of different hardnesses. It can be seen that the
overall length of the curve decreases from 7.3 mm to 7.15 mm then to 6.95 mm
with increasing rivet hardness from 410 to 480 then to 555 HV, respectively. This
decrease in overall length indicates that the extent of rivet flaring is less for a hard
rivet. Likewise, the length of the first stage decreases with an increase in rivet
hardness: 0.80, 0.70 and 0.65 mm for 410, 480 and 555 HV, respectively. It is also
clear from Fig. 5.9.6 that a harder rivet starts piercing at an earlier stage, but starts
flaring later. The slope of the fourth stage of the characteristic curve is steeper for
a harder rivet. Other than this change of slope in stage IV, the rivet hardness does
not affect the characteristic curve in terms of the magnitude of the force developed
during each step of the curve.

Fig. 5.9.6 Force-displacement curves for joints of 2.0 mm + 2.0 mm carbon steel
sheets produced using 7 mm long rivets of different hardnesses: (a) 410 HV (b)
480 HV (c) 555 HV.
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Rivet flaring model

The present study would show that, it is possible to calculate the rivet tail
diameter inside a joint without having to cross section a joint. A characteristic
curve can be produced by measuring force and displacement directly during
riveting. Typically, force, punch displacement, rivet setting pressure and preclamp pressure are measured as a function of time. The characteristic curve is
produced by plotting the force as a function of displacement relative to the time
and position where the rivet just touches the top ply. The detailed process of
producing the characteristic force-displacement curve taking into account the
elastic deformation of the C-frame is described in Haque et al. 2012 [239]. A
force-displacement curve is shown in Fig. 5.10.1 for a SPR process.

Fig. 5.10.1 Characteristic-curve of 2 mm + 2 mm carbon steel joint with a 7 mm
long rivet with a hardness of 555 HV.

During the first stage, bending of the sheet material occurred and the die was
partially filled by the material. Plastic deformation occurred, but there was no
failure as the ultimate strength of the material was above the stress produced
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during this period. As soon as the force reached the ultimate strength of the
material, ductile failure initiated in the top sheet, i.e., piercing started, which is
characterized as the second stage. Again when the bottom sheet touched the die
floor, material movement in the riveting direction was no longer possible towards
the die, i.e., vertically. The rivet then started to flare because of the reaction force
of the die. From the characteristic curve, the displacement of the rivet before
flaring (d0) and the maximum rivet displacement (dmax) can be obtained, as shown
in Fig. 5.10.1.

Fig. 5.10.2 Step rise of force for six different conditions (listed in Table 5.10.1);
the photograph in each graph depicts the cross-section of the completed SPR joint.
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In order to develop a model which can predict the rivet flaring inside a joint, six
different completed joints were produced comprising three types of thicknesses of
ply material and three different hardnesses of rivet (Fig.5.10.2). These joints were
also interrupted at different positions according to Table 5.10.1. The length of the
rivet and die were chosen according to the total ply thickness.
Table 5.10.1 Joining parameters (all materials are G300 carbon steel, pre-clamp
and rivet setting pressure were 125 and 220 bar, respectively).

Condition

Case

1

I
II
III
IV
V
Case

2

I
II
III
IV
Case

3

I
II
III
IV
Case

4

I
II
III
IV

Interruption
distance, mm
5.11
6.35
6.71
7.22
8 ( complete
joint )
Interruption
distance, mm
3.91
4.68
5.71
6.95 ( complete
joint )
Interruption
distance, mm
4.03
4.91
5.69
7.17 ( complete
joint )
Interruption
distance, mm
3.82
5.39
6.94
7.28 ( complete
joint)
5
6

Thickness of
the joint
(top sheet +
bottom
sheet, mm )

Die (flat die
profile)

Rivet
Length
(mm)

Hardness
(HV)

Depth
(mm)

Diameter
(mm)

2.5 + 2.5

8

555

3

10

2+2

7

555

2.5

10

2+2

7

480

2.5

10

2+2

7

410

2.5

10

1.5 + 1.5
1.5 + 1.5

6
6

480
410

2.3
2.3

9
9
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Observation on Experimental Results

The cross-sections and related characteristic curves of the above six different
conditions are shown in Fig. 5.10.2. It can be observed that for all the conditions,
regardless of ply material thickness and rivet length, a sharp and distinctive rise in
force occurred in the characteristic curve at a force of 30 kN. It is noted that the
shank of the rivet remains straight before this point as the horizontal component
of the reaction force is not sufficient to deform the rivet material. As soon as the
horizontal force vector FH exceeds the resistance of the rivet wall, the rivet starts
flaring. To examine the above hypothesis, the joints were interrupted at several
punch positions according to Table 5.10.1 and force-displacement curves and
associated cross-sections for conditions 1-4 are shown in Figs. 5.10.3-6.

5.10.1.1

Condition # 1 in Table 5.10.1

Fig. 5.10.3 Interrupted SPR process curve for different steps of 2.5 mm + 2.5 mm
G300 steel joint with 8 mm long rivet of hardness 555 HV.
179

Characterization of riveting process

5.10.1.2

Chapter 5

Condition # 2 in Table 5.10.1

Fig. 5.10.4 Interrupted SPR process curve for different steps of 2.0 mm + 2.0 mm
G300 steel joint with 7 mm long rivet of hardness 555 HV.

5.10.1.3

Condition # 3 in Table 5.10.1

Fig. 5.10.5 Interrupted SPR process curve for different steps of 2.0 mm + 2.0 mm
G300 steel joint with 7 mm long rivet of hardness 480 HV.
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Condition # 4 in Table 5.10.1

Fig. 5.10.6 Interrupted SPR process curve for different steps of 2.0 mm + 2.0 mm
G300 steel joint with 7 mm long rivet of hardness 480 HV.

It is clear from Figs. 5.10.3-6 that the rivets started to flare after a certain value of
force was reached. All other joining conditions also followed the same path. Once
the start of rivet flaring has been identified, it is necessary to find out the path of
the rivet tip. For this, the joints were interrupted at different positions before the
completed joints; for example, case I: 5.11 mm, case II: 6.35 mm, case III: 6.71
mm and case IV: 7.22 mm for condition 1 in Table 5.10.1; and the amount of
flaring was measured at each interrupted stage. Results showed a linear
dependence of the measured rivet flaring upon the displacement in the riveting
direction (Fig. 5.10.7). This observation would be used to develop the rivet flaring
model in next section.
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Fig. 5.10.7 Rivet flaring dependence upon rivet displacement for different sheet
thicknesses: (a) condition 5: 1.5 + 1.5 mm carbon steel joint, (b) condition 4: 2 + 2
mm carbon steel joint, and (c) condition 1: 2.5 + 2.5 mm carbon steel joint in
Table 5.10.1.

5.10.2

Developing the model

It is assumed that the rivet travels a distance d0 in the vertical direction before it
starts to flare because of the reaction force from the die. A schematic of the rivet
flaring model is drawn in Fig. 5.10.8. Flaring starts in the OE direction because of
the die reaction before reaching point C on line OE after completion of the joint.
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Fig. 5.10.8 Geometrical model of rivet flaring calculation, where x (distance AD)
is the rivet flaring.

It is difficult to find the point E on AB because rivet flaring depends on the
hardness of the rivet, which determines the angle AOE. Thus point E on AB can
be approximated by:
AE= C1* AB= C1* (ZB-ZA) =C1* (Dd/2-Rr)

(5.1)

where C1 is a coefficient that depends on the rivet hardness, ZB is the die radius
(Dd/2) and ZA is the rivet shank radius (Rr).

When the rivet is very hard compared with the sheet material, little or no flaring
of the rivet would occur and the rivet tip would move from the point O towards
the point A and point E would coincide with point A. Thus the length of line AE
would be maximum when E coincides with B, and in that case AE equals AB. So
the range of the coefficient for rivet hardness is: 0≤C1≤1.
Points O, A and E on the triangle OAE can be found thus:
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(5.2)

∗

√

(5.3)

For the path of the rivet tip, it has been assumed that OE is a straight line. Hence,
OC= C2*(dmax-d0)

(5.4)

where C2 is a coefficient that depends on rivet length. C2, like C1, ranges from 0 to
1 according to whether the rivet does not flares or flare fully.
It is now possible to calculate rivet flaring (x) from a simple geometrical relation:
∗

(5.5)

Substituting values of AE, OE and OC from equations 5.1, 5.3 and 5.4
respectively, equation 5.5 can be rewritten in the following form.

∗

∗

∗

(5.6)

∗

For a given die and rivet, the die diameter (Dd), die depth (h) and rivet radius (Rr)
are known. For a given joint, the top sheet thickness (t1) and bottom sheet
thickness (t2) are also known, and dmax and do can be obtained from the
characteristic force-displacement curve.
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Determination of coefficients C1 and C2 from interrupted tests

In order to determine the coefficients C1 and C2 of equation (5.6) and in particular
the assumption of a linear flaring trajectory along OE (Fig. 5.10.8), four different
conditions were tested, where the joints were interrupted at different positions as
listed in Table 5.10.1. The coefficients were determined empirically and it was
found that the calculated values of rivet flaring were very close to the measured
values, regardless of rivet hardness and ply material thickness. The details of each
case are as follows:

Condition 1: The joints were produced by using 2.5 mm thick carbon steel strips
as top and bottom sheet. An 8 mm rivet with a hardness of 555 HV was used to
produce each joint. Five different joints were produced with the same
specifications: a completed joint and four interrupted joints. Cross-sections and
the force-displacement curves are shown in Fig. 5.10.3. It is obvious from Fig.
5.10.3 that for case I no flaring was observed. Geometrical factors identified for
condition 1 are summarized in Table 5.10.2. The coefficient for rivet hardness C1
= 0.43 and coefficient for rivet length C2 = 0.9 were used and the value of rivet
displacement before flaring was identified: d0 = 5.85 mm. Good agreement was
observed between calculated and measured flaring. An example of a calculation
for condition 1, case II in Table 5.10.2 is shown below:

∗

∗

∗
∗

.

. ∗ .

.

.

.

∗ .

∗
.

.
∗

.

= 0.2
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Table 5.10.2 Parameters of selected joints for interruption to conditions 1-4 (all
values are in mm).
Condition

1

2

3

4

Case
I
II
III
IV
I
II
III
I
II
III
I
II
III

Total rivet

Calculated rivet

Measured rivet

displacement (dmax)

flaring (x)

flaring (xm)

5.11
6.35
6.71
7.22
3.91
4.68
5.71
4.03
4.91
5.69
3.82
5.39
6.94

0.00
0.2
0.34
0.55
0.00
0.05
0.38
0.00
0.17
0.47
0.00
0.42
1.06

0.00
0.12
0.34
0.54
0.00
0.12
0.35
0.00
0.25
0.50
0.00
0.47
1.09

Condition 2: In this condition, ply material thickness was reduced to 2 mm but
the rivet hardness maintained at 555 HV. As the thickness of ply materials was
reduced, the joints were interrupted at three different positions instead of four as
for condition 1. Cross-sections and the force-displacement curves are shown in
Fig. 5.10.4. The coefficient for rivet hardness (C1 = 0.43) was maintained the
same as that for condition 1 but the coefficient for rivet length C2 = 0.67 was used
because of the reduction of rivet length and the value of rivet displacement before
flaring was identified: d0 = 4.52 mm. Geometrical factors identified for condition
2 are summarized in Table 5.10.2. Again, good agreement was observed between
calculated and measured flaring.
Condition 3: In this condition, ply material thickness and the die were kept the
same as those for condition 2 but the hardness of rivet was reduced from 555 to
480 HV. Four different joints were produced: a completed joint and three
interrupted joints. Cross-sections and the force-displacement curves are shown in
Fig. 5.10.5. The coefficient for rivet length (C2 = 0.67) was maintained the same
as that for condition 2 but the coefficient for rivet hardness C1 = 0.55 was used
because of the reduction of rivet hardness and the value of rivet displacement
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before flaring was identified: d0 = 4.44 mm. Geometrical factors identified for
condition 3 are summarized in Table 5.10.2.
Condition 4: In this condition, ply material thickness and the die were kept the
same as those for conditions 2 and 3 but the hardness of the rivet was further
reduced to 410 HV. Again, four different joints were produced: a completed joint
and three interrupted joints. Cross-sections and the force-displacement curves are
shown in Fig. 5.10.6. Once more, the coefficient for rivet length (C2 = 0.67) was
maintained the same as that for conditions 2 and 3 but the coefficient for rivet
hardness C1 = 0.66 was used because of the reduction of rivet hardness and the
value of rivet displacement before flaring was identified: d0 = 4.35 mm.
Geometrical factors identified for condition 4 are summarized in Table 5.10.2.
Like the previous three conditions, good agreement was also observed between
the calculated and measured flaring.
For the interrupted cases (conditions 1-4), it was observed that the calculated rivet
flaring differed considerably from the measured value at the start of rivet flaring
(case II in each condition). This difference was minimal for the other cases (case
III and IV for condition 1 and case III for conditions 2-4).

5.10.4

Validation of rivet flaring model

After determining the coefficients C1 and C2 from the interrupted joints, equation
(5.6) was also used to predict rivet flaring for completed joints. In this case,
completed joints of conditions 1-4 have been considered and two more conditions
were tested. Calculated and measured rivet flaring for completed joints of
conditions 1-4 are summarised in Table 5.10.3. A total of three types of
thicknesses of ply material and three different hardnesses of rivet were
considered. It was found that the calculated values of rivet flaring were very close
to the measured values, regardless of rivet hardness and ply material thickness.
Case by case details are expressed below:
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Condition 5: A 6 mm long 480 HV rivet was used to join two 1.5 mm carbon
steel sheets. The cross-section and the force-displacement curve of this joint are
shown in Fig. 5.10.2. The geometric factors for condition 5 were: t1 = 1.5 mm, t2 =
1.5 mm, h = 2.3 mm, Dd = 9 mm, Rr = 2.5 mm, d0 = 4.29 mm and dmax = 5.71 mm.
Coefficient for rivet hardness C1 = 0.55 was used for the 480 HV rivet and
coefficient for rivet length C2 = 0.6 was used for the 6 mm long rivet. Calculated
flaring was determined as x = 0.63 mm and the measured flaring was also found
to be 0.66 mm.
Condition 6: Another joint was produced by using a 6 mm rivet of 410 HV and
the top and bottom sheets were both 1.5 mm carbon steel, i.e., the same as
condition 5 except for the rivet hardness. The cross-section and forcedisplacement curve of this joint are shown in Fig. 5.10.2. The geometric factors
for condition 6 were determined as: t1 = 1.5 mm, t2 = 1.5 mm, h = 2.3 mm, Dd = 9
mm, Rr = 2.5 mm, d0 = 4.21 mm and dmax = 5.97 mm. Coefficient for rivet
hardness C1 = 0.66 and coefficient for rivet length C2 = 0.6 were used. The
calculated flaring was determined as x = 0.82 mm and the measured flaring was
found to be 0.82 mm.
It was found that the calculated rivet flaring using equation (5.6) was in good
agreement with the measured rivet flaring for all completed joints, as summarised
in Table 5.10.3. Calculated vs. measured rivet flaring data for conditions 1 to 6 are
plotted in Fig. 5.10.9. Hence, this simple formula can successfully predict the
rivet flaring without the need to cross-section a joint. The coefficients used in this
formula are dependent only on rivet properties (hardness and length). The
relationships between these coefficients and rivet properties are shown in Figs.
5.10.10 and 11. It should be noted that coefficient C1 is valid for a range of rivet
hardnesses from 410 HV to 555 HV and coefficient C2 is valid for a range of rivet
lengths from 6 mm to 8 mm, which represent the range of data used to generate
the formula for the conditions examined in the present study.
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Table 5.10.3 Parameters of completed joints (all values are in mm, except the two
coefficients).
Condition Coefficient Coefficient
Rivet
Total rivet Calculated Measured
for rivet
rivet
for rivet displacement displacement rivet flaring
hardness length (C2)
(x)
flaring
before
(dmax)
(C1)
(xm)
flaring (d0)
1
2
3
4
5
6

0.43
0.43
0.55
0.66
0.55
0.66

0.90
0.67
0.67
0.67
0.60
0.60

5.85
4.52
4.44
4.35
4.29
4.21

8.00
6.95
7.17
7.28
5.71
5.97

0.86
0.78
1.02
1.20
0.63
0.82

0.88
0.78
1.03
1.20
0.66
0.82

Fig. 5.10.9 Rivet flaring calculated vs. measured for six different conditions in
Table 5.10.1.
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Fig. 5.10.10 Relationship between coefficient C1 and rivet hardness.

Fig. 5.10.11 Relationship between coefficient C2 and rivet length.
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Due to manufacturing conditions, rivet hardness may vary slightly. This would
ultimately affect the rivet hardness coefficient C1. Assuming a change in rivet
hardness of ± 30 HV, the rivet hardness coefficients for the above three rivet
hardnesses are summarized in Table 5.10.4. Measured and calculated rivet flaring
data are summarized in Table 5.10.5. It is observed that for a change in rivet
hardness of ± 30 HV, the above formula still gives a good agreement between the
calculated and measured rivet flaring. This means that C1 is not significantly
affected by rivet-to-rivet hardness variation that is likely to occur on a production
line. While rivet hardness may vary, in practice, the length of the rivet does not
vary much. Hence, no study is included in this thesis about the uncertainties
involved in the coefficient for rivet length (C2).

Table 5.10.4 Coefficient for rivet hardness, C1, obtained by using the formula
shown in Fig. 5.10.10.
410 ± 30
Rivet hardness (HV)
Coefficient for rivet 380
hardness (C1)
0.71

480 ± 30
450
0.60

440
0.62

555 ± 30
525
0.48

510
0.50

585
0.38

Table 5.10.5 Rivet flaring for the different conditions stated in Table 5.10.1.
Condition
Coefficient
for rivet
hardness
(C1)
Calculated
rivet
flaring
(mm)
Measured
rivet
flaring
(mm)

1

2

3

4

5

6

Max

Min

Max

Min

Max

Min

Max

Min

Max

Min

Max

Min

0.48

0.38

0.48

0.38

0.60

0.50

0.71

0.62

0.60

0.50

0.71

0.62

Max

Min

Max

Min

Max

Min

Max

Min

Max

Min

Max

Min

0.94

0.78

0.84

0.70

1.07

0.95

1.25

1.15

0.71

0.66

0.90

0.86

0.88

0.78

1.03

1.20

0.66

0.82
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Extended validation of rivet flaring model

After successful prediction of rivet flaring for the above six conditions, equation
(5.6) was also used to predict rivet flaring for completed joints to extend its
validity for change in process parameters such as sheet materials properties, die
depth, rivet setting pressure etc. In order to do so, 8 more conditions were chosen
according to Table 5.10.6. The cross-sections and force-displacement curves of
these joints are shown in Fig. 5.10.12. It was found that the calculated rivet flaring
using equation (5.6) was in good agreement with the measured rivet flaring for all
completed joints, as summarised in Table 5.10.7. Calculated vs. measured rivet
flaring data for conditions 7 to 14 are plotted in Fig. 5.10.13. Hence, this simple
formula can successfully predict the rivet flaring without the need to cross-section
a joint.
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Fig. 5.10.12 Step rise of force for eight different conditions (listed in Table
5.10.6); the photograph in each graph depicts the cross-section of the completed
SPR joint.
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Table 5.10.6 Joining parameters (pre-clamp and rivet setting pressure were 125
and 250 bar, respectively).

Condition

Materials

Thicknesses
of ply
materials
(mm)

7
8
9
10
11
12
13
14

G450 steel
G300 steel
G450 steel
G450 steel
G300 steel
G300 steel
G450 steel
G300 steel

2.5 +2.5
2.5 +2.5
2.0 +2.0
2.0 +2.0
2.0 +2.0
2.0 +2.0
1.5 +1.5
1.5 +1.5

Rivet
Length
(mm)

Hardness
(HV)

8
8
7
7
7
7
6
6

555
555
555
480
555
480
480
480

Die (flat die
profile)
Depth Diameter
(mm)
(mm)
2.35
2.35
2.10
2.10
2.10
2.10
2.00
2.00

11
11
10
10
10
10
09
09

Table 5.10.7 Parameters of completed joints (all values are in mm, except the two
coefficients).
Coefficient
Measured
Rivet
Coefficient
Total rivet Calculated
for rivet
rivet
displacement
Condition
for rivet
displacement rivet flaring
hardness
flaring
before
(x)
length (C2)
(dmax)
(C1)
(xm)
flaring (d0)
7
8
9
10
11
12
13
14

0.43
0.43
0.43
0.66
0.43
0.66
0.66
0.66

0.90
0.90
0.67
0.67
0.67
0.67
0.60
0.60

5.22
4.40
4.10
4.00
3.60
3.50
3.10
3.00

7.95
7.80
6.60
6.70
6.65
7.00
5.90
5.85

1.19
1.13
0.79
1.11
0.80
1.25
0.95
0.90

1.08
1.05
1.02
1.11
1.01
1.11
0.95
0.90

Fig. 5.10.13 Rivet flaring calculated vs. measured for eight different conditions
listed in Table 5.10.6.
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This chapter presents a simple geometrical method to calculate rivet flaring
without the need to cross-section a joint. It is a non-destructive testing method of
determining rivet flaring based on the characteristic force-displacement curve. A
relationship was established based on ply thickness, nominal die and rivet
dimensions, and relative punch displacements at the start and end of rivet flaring
as determined by the characteristic force-displacement curve. Equation (5.6)
works for a range of materials. Two coefficients were determined empirically as
functions of rivet hardness and length. It is believed that coefficient C1 could be
determined experimentally by characterizing the rivet material, which ultimately
leads to the design of new high strength rivets.
Equation (5.6) could be improved by considering the path of the rivet tip OE as a
parabola rather than a straight line. Considering the simple nature of this equation,
reasonably good agreement was achieved between the calculated and measured
rivet flaring for interrupted cases. From an industrial viewpoint, interrupted joints
are of no interest. Equation (5.6) gives a very good result to determine rivet
flaring for a completed joint.
The rivet flaring calculator can be used to improve and optimize an SPR joint for
a given material and thickness combination. In practice, it is very easy to pick up
the displacement (dmax-d0) and for an operator to decide whether the joint is good
or bad in terms of rivet flaring. However, the quality of a SPR joint does not
depend solely on rivet flaring; it depends on other factors such as: flaring angle,
effective contact length between rivet and tail side material. Some of the factors
could be found from the characteristic force-displacement curve. Since rivet
flaring is a dominant factor in determining the strength of a SPR joint, the rivet
flaring estimator developed in this study could be a very important tool in
industrial practice.
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Summary

This chapter has mainly focussed on understanding the physical events involved
in the formation of self-pierce riveting joints by characterizing and relating the
force-displacement curve to the joint’s structure. To do this, the C-frame
deflection has been subtracted from the force-displacement curve.
Four stages have been defined and a detailed description of each stage of the
force-displacement curve has been provided. A systematic study on the
characterization of the SPR process using force-displacement curves has been
carried out by interrupting the formation of SPR joints at different rivet positions.
Each part of the curve represents a distinctive event in the process. The
understanding and knowledge gained from this study could be used for
monitoring the industrial SPR process. The following conclusions have been
drawn within the range of process parameters studied in this report:
1. C-frame deflection occurs at all stages of the SPR process.
2. The length of the first stage of the characteristic curve decreases with
increasing sheet thickness and hardness, and rivet hardness.
3. The force developed in the first stage of the curve is high for a thick and
hard joint, due to the increased rigidity of the stack, but the force is not
affected by the rivet hardness.
4. The displacement experienced during the second stage depends mainly on
the thickness of the top sheet. Other parameters have little influence on
this stage.
5. The drop in force just after the completion of piercing of the top sheet is
clearly seen when hard or thick material is used as the top sheet, but is not
easily detected for thin material.
6. Die geometry significantly changes the third stage of the characteristic
curve, with the length of this stage increasing with an increase in die
volume. The start of stage III is also affected by die depth, a deeper die
delays the starts of stage III. Sometimes a crack also developed especially
for less ductile material when a die is too deep. Rivet hardness also
influences this stage: the harder the rivet, the longer is this step.
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7. The fourth stage of the curve gives an in-sight about the flaring of a rivet
inside a joint. A longer fourth stage indicates more flaring and hence a
better interlocked joint. An increase in rivet hardness would shorten this
stage and reduce the amount of flaring.
8. The maximum force and displacement depends on the joint stack-up
design, rivet hardness and length, die recess volume and the total deformed
volume of the materials inside the cavity. The total displacement would
increase with an increase in ply material thickness and would decrease
with a hard rivet.
9. Two key point events of the force-displacement curves were identified, d0
and dmax for start and end of rivet flaring respectively which leads to the
development of the rivet flaring model. In practice, it is very easy to pick
up the displacement (dmax-d0) and for an operator to determine whether the
joint is good or bad in terms of rivet flaring. Two empirical coefficients
were defined depending on the rivet hardness and length. No coefficient
was considered for the sheet material properties because the material
properties are embedded in the force-displacement curve. The developed
rivet flaring equation works very well within the range of process
parameters studied. This tool is very useful in industrial practice in the
preliminary identification of the quality of a joint.
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RESIDUAL STRESS

Several events occur in the SPR process: a tubular rivet is driven through the top
sheet, piercing but not perforating the bottom sheet, accompanied by flaring of the
legs in the bottom sheet under the guidance of a suitable die [1]. Rivet as well as
sheet materials should have sufficient ductility to deform without cracking. As ply
materials increase in hardness, strength or thickness, the ability of a rivet to pierce
and deform in a ductile manner becomes more limited, narrowing the operating
window in terms of joint quality and performance. Forces for setting the rivet are
high, typically 30 to 50 kN. Previous studies [53, 57] have shown that a joint may
look good, but micro-computed tomography (CT) confirmed cracking in the same
joint. To fully understand the behaviour of SPR joints, it is important to determine
how residual stress distribution arises from a riveting process. Residual stresses as
high as 1075 MPa have been modelled by Khezri and co-authors [124, 125] but
not validated because of a lack of experimental techniques to evaluate these
stresses.

The challenges involved with residual stress in SPR, general effects of residual
stress on structures are discussed and different techniques for measuring residual
stress are discussed in chapter 3. For SPR joints made of high strength steel
materials, neutron diffraction is the most appropriate technique among the nondestructive methods.

The purpose of the present study is to evaluate the feasibility of evaluating
residual stress in different SPR joints using neutron diffraction at the first stage
then optimizing parameters for making meaningful measurements. The present
study also discusses residual stress distribution in different SPR joints depending
on different joining parameters (ply material’s thickness and hardness, rivet
hardness, die geometry).
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Feasibility of evaluating residual stress

The feasibility of evaluating residual stress in Self Pierce Riveted (SPR) joints
using the neutron diffraction technique was investigated in this study. The main
challenge involved dealing with the very small dimensions of SPR joints. Two
different joints were examined: aluminium-steel and steel-steel joints. At first,
sheet specimens of aluminium and steel were first chosen to ensure that all the
diffracted peaks could be determined easily from either the rivet or the bottom
sheet, as the diffraction angles for steel and aluminium are different. A riveted
joint specimen was produced, as shown in Fig. 4.9.6a (Chapter 4.9), using sheet
specimens 150 mm long by 50 mm wide and 5.1 mm thick (3.1 mm aluminium
and 2.0 mm steel as top and bottom sheet respectively). Another joint (steel with
steel) was produced by keeping the specimen size the same. However, the
thickness was reduced to 4.0 mm (2.0 mm carbon steel as top and bottom sheet)
by replacing the top aluminium sheet with a 2.0 mm steel sheet (Fig. 4.9.7a).
Force and displacement were measured and it was observed that for both
conditions all five joints showed high reproducibility during the riveting operation
(Fig. 4.9.8). The detailed experimental procedure was explained in chapter 4.9.1.
The joint parameters for the purpose of a feasibility test are given in Table 6.1.1.
A journal paper on the feasibility test of residual stress evaluation on SPR joints
by neutron diffraction from this work was published by the present author [240].
Table 6.1.1 Parameters of selected joints for the feasibility test.

Joint
no.

Total
ply
thickness

68

5.1 mm

78

4 mm

Top
sheet
3.1 mm
Al
6060
2.0 mm
G300
steel

Rivet
Bottom part
Rivet
sheet number length
[92]
2.0 mm
G300
steel
2.0 mm
G300
steel

Rivet
Steel Die part
shank
Rivet number
diameter hardness [119]

PG084
2

8 mm

5 mm

410 Hv

DF1004
3003

HG074
2

7 mm

5 mm

410 Hv

DF1004
2503

Neutron diffraction measurements were performed on the Strain Scanner named
‘Kowari’ on the OPAL reactor at the Australian Nuclear Science and Technology
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Organisation (ANSTO). A schematic setup of the diffraction experiment is shown
in Fig. 4.9.1. As the investigated joint specimen was small, a nominal gauge
volume of 0.5x0.5x0.5 mm3 was used, which is the smallest gauge volume that
gave the best compromise between spatial resolution and experimental counting
time.

In the first experiment, strain measurements were made along the lines AA, BB
and CC, which were at depths of 1 mm, 1.5 mm and 2 mm, respectively, from the
surface of the rivet head (Fig. 6.1.1). Strain was also measured along line DD,
which was 1 mm up from the un-deformed bottom sheet surface to obtain the
behaviour of stress in the steel sheet, and along line EE, which was 2 mm up from
the tail (die side) of the joint to obtain the behaviour of material inside the die, as
shown in Fig. 6.1.1. The positions of the measurement points taken along those
lines and relative to the joint centreline are summarized in Table 6.1.2. It may be
noted that all the measurement points along lines AA, BB and CC were within the
rivet head, whereas points located at 3 mm and -3 mm on line DD and at 3.5 mm
and – 3.5 mm on line EE were within the rivet leg and the rest were located in the
steel sheet. A total of 59 points were identified for strain measurement.

The rivets are produced by forging and heat treating to the required hardness
level, so residual stress may exist in a new un-used rivet. Therefore, a user
reference lattice, dr, was used instead of the so-called strain free (d0) reference
lattice for the calculation of micro-strain. For the rivet material, dr was determined
from the head of a new unused rivet, and for the steel sheet the reference point
was taken at 1 mm from the free corner of a new sheet.
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Fig. 6.1.1 Measurement lines for residual stress evaluation in a joint of 3.1 mm
Al 6060 + 2.0 mm G300 steel.

Table 6.1.2 Measurement points along lines AA, BB, CC, DD and EE shown in
Fig. 6.1.1.
Line
Measurement points
(mm) from rivet
center shown in Fig.
6.1.1
Total number of
points

AA, BB and CC

DD

EE

-3, -2.5, -2, -1.5, -1, 0.5, 0, 0.5, 1, 1.5, 2,
2.5, 3

-9, -7.5, -6, -4.5, -3,
3, 4.5, 6, 7.5, 9

-4, -3.5, -3, -2.5, -2,
2, 2.5, 3, 3.5, 4

13*3 = 39

10

10

Transverse, normal and longitudinal components of micro-strain along the line
AA are shown in Fig. 6.1.2. Measurements in six directions of a point are
necessary to define the strain tensors completely. Since the principal directions
coincide with the coordinate measurement directions, the stress then can be
calculated using the following formulae with corresponding expressions for σx, σy
and σz in terms of

, ϵ and

[241, 242]:
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∗

σ

∗

∗

1

∗

1

ϑ ∗ϵ

1

∗

(6.1)

ϑ ϵ

ϵ

(6.2)

(6.3)

where the diffraction elastic constants are E (elastic modulus with a value of
220 GPa) and

(Poisson’s ratio for steel having a value of 0.3).

Fig. 6.1.2 Strain profiles along line AA shown in Fig. 6.1.5 (a) transverse (b)
normal (c) longitudinal.

In the second experiment, strain measurements were made along lines FF and GG,
which were 1 mm and 1.5 mm below the surface of the rivet head (Fig. 6.1.3).
Strain was also measured along line HH, which was 1 mm down from the undeformed top sheet surface, along lines II and JJ, which were 1.5 mm and 1 mm
up from the un-deformed bottom sheet surface respectively, and along line KK,
which was 1.5 mm up from the tail (die side) of the joint, as shown in Fig. 6.1.3.
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The positions of the measurement points taken along those lines and relative to
the joint centreline are summarized in Table 6.1.3. It may be noted that all the
measurement points along lines FF and GG were within the rivet head, whereas
points located at 3.5 mm and -3.5 mm on lines II and KK were within the rivet
leg. A total of 69 points were identified for strain measurement. The same
procedure was followed for the strain-free lattice reference.

Fig. 6.1.3 Measurement lines for residual stress in a joint of 2.0 mm G300 steel
+ 2.0 mm G300 steel.

Table 6.1.3 Measurement points along lines FF, GG, HH, II, JJ and KK shown in
Fig. 6.1.3.
Line
Measurement
points (mm)
from rivet centre
shown in Fig.
6.1.3

FF and GG

HH

II

JJ

KK

-3, -2.5, -2, 1.5, -1, -0.5,
0, 0.5, 1, 1.5,
2, 2.5, 3

-10, -8.5, -7,
-5.5, -4, 4,
5.5, 7, 8.5,
10

-4.5, -3.5, 2.5, -1.5, 1.5,
2.5, 3.5, 4.5

-10, -8.5, 7.0, -5.5, 4.0, -2.5,
2.5, 4.0, 5.5,
7.0, 8.5, 10

Total number of
points

13*2 = 26

10

8

12

-4.0, -3.5, 3.0, -2.5, 2.0,-1.0, 0,
1.0, 2.0,
2.5, 3.0,
3.5, 4.0
13
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Aluminium-steel joint

The stress components in the rivet head of the aluminium-steel joint are shown in
Fig. 6.1.4 (a-c). For the points situated at 3 mm and -3 mm from the rivet axis on
lines AA, BB and CC, no diffraction peak was observed, which means that those
points were outside the rivet head and situated in the surrounding aluminium
sheet. This indicates that a rivet inside a joint can be detected by neutron
diffraction. Hence 11 points were considered for stress calculation, excluding the
two extreme points at 3 mm and -3 mm on each of the lines AA, BB and CC (Fig.
6.1.1). It was noted with 95% confidence that the uncertainty of calculated
stresses was ± 109 MPa. Uncertainty increases as the gauge volume decreases, but
the uncertainty could be minimized by increasing the detection time or by using
high intensity neutrons. Despite the small dimensions involved here, meaningful
results were obtained in this experiment.
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Fig. 6.1.4 Residual stress profiles in the rivet head along lines (a) AA (b) BB (c)
CC corresponding to the lines shown in Fig.6.1.1.
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It is evident from Fig. 6.1.4 that a compressive residual stress had developed in
the rivet head of the aluminium-steel joint. Generally, a normal residual stress
near the surface is close to zero. The compressive residual stress on line CC is
lower in the normal direction as it is nearer to the inner surface (Fig. 6.1.4c). A
tensile trend in the stress profile was found 2.5 mm from the rivet centre. Given
that the elastic residual stresses must be balanced, this implies that there could
potentially exist a large tensile stress close to the side wall of the rivet head. This
pattern of residual tensile stress is in agreement with published modelling data
[124]. However, the magnitude of the residual stress depends on the joint
parameters, such as rivet hardness and sheet material properties and it would be
beneficial to verify the magnitude of the stresses either by simulation or by an
alternative test such as synchrotron X-rays or contour methods. The value of the
normal stress on line BB (average = -120 ± 60 MPa) falls between that for line
AA (average = -136 ± 41 MPa) and line CC (average = -70 ± 120 MPa). The
maximum compressive stress in the rivet head was -300 ± 93 MPa, found 1.5 mm
from the rivet axis on line BB in the transverse direction (Fig. 6.1.4b).

The stress components in the rivet leg and inside the steel sheet material are
shown in Fig. 6.1.5. A substantial change in the magnitude of residual stress 3 mm
and -3 mm from the rivet centre on line DD (Fig. 6.1.5a) confirms that these
points fell within the rivet leg. The stress was compressive in nature and evaluated
to be 550 ± 89 MPa.
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Fig. 6.1.5 Residual stress profiles in rivet legs and surrounding sheet material
along lines (a) DD (b) EE corresponding to the lines shown in Fig. 6.1.1.

The stress that developed near the rivet wall was near zero, which is in agreement
with the nature of stress balance. The residual stresses that developed 7.5 mm
from the rivet centre, which is three times the rivet radius from the rivet axis, were
not significant. The tensile stress developed on line DD was related to the
surrounding sheet material flowing towards the die. Residual stress evaluated
along line EE provides information on the behaviour of the material inside the die
(Fig. 6.1.5b). During the riveting operation, as soon as the rivet started flaring, it
pushed the bottom sheet toward the die cavity, triggering plastic deformation of
the bottom sheet, putting the material in tension during this operation. A tensile
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condition is observed in this part of the material. On the other hand, at 3.5 mm
and – 3.5 mm away from the rivet axis along line EE, a compressive stress of 350
± 78 MPa was observed, confirming that these points fell within the rivet leg. The
sheet material around this point could not move any further due to the restriction
from the die, and all the surrounding material enclosed the rivet leg
compressively. This is the reason why a compressive stress developed in the rivet
leg in this region. It may be noted that the transverse stress near the wall of the
rivet leg was close to zero, as expected.

6.1.2

Steel-steel joint

The stress components in the rivet head for the steel-steel joint are shown in Fig.
6.1.6 (a-b) and the stress components in the steel sheet and rivet leg are shown in
Fig. 6.1.7 (a-d). A tensile trend of residual stress in the middle of the rivet head
was observed for the steel-steel joint, whereas for the aluminium-steel joint the
trend was completely compressive. This was due to the indication of a gap under
the rivet head (Fig. 4.9.7b). The tensile stress was evaluated to be 300 ± 87 MPa
in the middle of the rivet head and the compressive stress reached to -300 ± 69
MPa near the wall of the rivet head. It may be noted that, unlike the aluminiumsteel specimen, at 3 mm and -3 mm apart from the rivet axis a diffraction peak
was observed for the steel-steel specimen. So it is evident that this diffraction
peak comes from the steel sheet. However, the stress values appeared to be too
high on line FF (Figs. 6.1.3 and 6.1.6a): this high value of stress might be a result
of a combined stress from both rivet head and sheet material. On line GG (Figs.
6.1.3 and 6.1.6b) at 3 mm and -3 mm from the rivet axis, a tensile stress was
observed as expected: this is an indication of elongation of sheet material and it
flows towards the rivet bore. An equivalent stress comparison, shown in Fig.6.1.8
revealed that the stress in the rivet head was higher for the steel-steel specimen
(270 ± 93 MPa), than for the aluminium-steel specimen (160 ± 81 MPa). This
means that as the hardness of the ply material increases, the residual stress would
increase. It is believed that as the hardness of the ply material increases, residual
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stress would increase up to a certain limit for a given rivet. Further increase in
hardness of the ply material for a given rivet may result in zero residual stress,
which would indicate a crack has developed in the rivet inside a joint. Residual
stress components on the line HH, which is situated 1 mm below the un-deformed
surface of the top sheet, are not significant within the limit of uncertainty and in
comparison with the yield strength of material; the values are of the order of 100
MPa (30% of the yield strength of material).

Fig. 6.1.6 Residual stress profiles in the rivet head along lines (a) FF and (b) GG
corresponding to the lines shown in Fig. 6.1.3.

209

Residual stress

Chapter 6

Fig. 6.1.7 Residual stress profiles in the rivet head along lines (a) HH and (b) II
(c) JJ (d) KK corresponding to the lines shown in Fig. 6.1.3.
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Fig. 6.1.8 Equivalent stress comparison 1.5 mm deep in the rivet head (a) line BB
corresponding to Fig.6.1.5 in the aluminium-steel joint (b) line GG corresponding
to Fig. 6.1.3 in the steel-steel joint.

A significant big change in the magnitude of residual stress was observed at
points 3.5 mm and -3.5 mm on line II from the rivet centre, which confirms that
these points were situated in the rivet leg (Fig. 6.1.7b). Other points on this line,
such as 1.5, -1.5, 2.5 and -2.5 mm from the rivet centre, are situated inside the gap
under the rivet head (Fig. 4.9.7b). The values corresponding to those points may
come from the inside wall of the rivet. By observing the raw data it was found that
the intensity was low at those points. Residual stress at points 4 mm and -4 mm
from the rivet centre on II is a combined stress from different materials.

The information on the behaviour of residual stress in the steel sheet on the die
side was found from the evaluations on the line JJ. It can be seen from Fig. 6.1.7c
that the stress developed near the rivet wall was near zero, which is in agreement
with the nature of stress balance. The equivalent stress profile on line JJ follows
the same trend as the stress profile found on line DD (Fig. 6.1.9) since both lines
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were situated 1 mm up from the un-deformed tail surface and in the middle of the
bottom sheet.

Fig. 6.1.9 Equivalent stress comparison 1.0 mm up from the un-deformed surface
of tail side (a) line DD corresponding to Fig. 6.1.1 in the aluminium-steel joint (b)
line JJ corresponding to Fig. 6.1.3 in the steel-steel joint.

Residual stress evaluated along line KK at 1.5 mm up from the die wall provides
information on the behaviour of the material inside the die (Fig. 6.1.7d). A tensile
condition is also observed in this part of the material, as with the aluminium-steel
specimen. On the other hand, at 3.5 and –3.5 mm away from the rivet axis along
line KK, a compressive stress of 300 ± 97 MPa was observed, confirming that
these points fell within the rivet leg.
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The feasibility of evaluating residual stress in different riveted joints was
examined in this study. The trend of residual stress found in this experiment was
consistent with the simulated results reported by authors [130], albeit for other
steel joints and thicknesses. It is evident from the residual stress profiles that the
neutron diffraction technique can successfully predict the position of the rivet leg
after flaring in a joint, without the need to perform a metallography cross-section.
This scenario ultimately validates the feasibility of residual stress evaluation using
the neutron diffraction technique. Stresses that developed in the rivet bore near the
interface between the top and bottom sheets were the largest for both joints and
were significant because of the high value of compressive stress. During service,
loading of the joint may cause the stress in the rivet to reach the ultimate strength
of the material, which would lead to premature failure of the joint.

An

investigation applying this methodology to the measurement of residual stress for
a wider range of joints would be reported later with a view to providing guidance
in the optimum design of SPR joining conditions.

6.2

Optimizing the parameters for meaningful evaluation

The feasibility of evaluating residual stress in a riveted joint was examined in the
previous chapter. However, it was found that the error bars are quite large when
compared with the stress values. It is necessary to develop a relationship between
the measurement error with gauge volume and detection time to confirm the limits
of this method when applied to such small components.
In principle, to achieve a certain accuracy, it is possible to develop a relationship
between measurement time and the gauge volume in particular for a single-phase
material with a simple geometry, but this approach could not be applied in this
case due to the complex geometry of the specimen, so an experimental approach
has been chosen [213]. The relation between time and measurement of d-spacing
can be easily calculated, as the error is always related to time [213, 243] , as a
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1
t

). However, it is necessary to check the residual stress profile

depending upon the measuring direction, optimize the beam attenuation pathlength and the gauge volume. The purpose of this present study is to establish the
optimum instrument configuration and experimental procedure that allows
evaluation of stress in SPR faster and/or more accurately while at the same time
keeping the resolution required for the mm-scale of the problem. A journal paper
on the optimizing parameters for meaningful evaluation of residual stress on SPR
joints by neutron diffraction from this work was published by the present author
[244].

Sheet specimens 150 mm long, 50 mm wide and 2.0 mm thick carbon steel were
chosen as top and bottom sheet for the neutron diffraction experiment (details
were provided in the experimental setup chapter (chapter 4.9). Joining parameters
for this specific study are given in Table 6.2.1. As the investigated joint specimen
was small, gauge volumes of 0.5 x 0.5 x 0.5 mm3 and 1.0 x 1.0 x 1.0 mm3 were
used in order to achieve a good compromise between spatial resolution and
experimental counting time. The specimen was accurately positioned (± 100 µm)
on the instrument using the software SScanSS [237, 238]. The specimen was first
laser scanned to obtain a 3D model, then positioned on the experimental table and
aligned using dedicated robotic arms with touch probe. SScanSS was also used to
define the measurement points (see experimental procedure) based on the crosssection of the joint through the software as the internal features of the joint are
hidden from the laser scan, and to estimate the required counting time depending
on the beam path length (Fig. 4.9.1) for a given direction of strain.
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Table 6.2.1 Parameters of selected joints.

Top Bottom
Rivet
Die
Total ply
sheet
sheet
Specimen thicknes
thicknes thicknes Length Diameter Hardness Diameter Depth
s (mm)
s (mm) s (mm) (mm)
(mm)
(HV)
(mm)
(mm)
Carbon
steel

4.0

2.0

2.0

7.0

5.0

410

10

2.5

In order to check the effects of the evaluating side on the residual stress profile,
transverse residual strains were measured at 20 points located from -5.0 mm to
+5.0 mm relative to the joint axis along line AA, as shown in Fig. 6.2.1a. These
points were selected to ensure that the desired gauge volume always fell within
the material thickness. The line AA was situated 1 mm below the undeformed
surface of the top sheet (Fig. 6.2.1b). At first, transverse strain was measured from
the head (rivet) side of the joint along line AA, using 240 s acquisition time per
data point, and then the table was rotated 180° in order to measure the strain from
the tail (die) side (Fig. 6.2.2). The gauge volume used for this measurement was
1.0 mm3. It may be noted that to measure the strain from the die side, the
acquisition time per data point was increased to 600 s to take into account the
longer neutron path length to achieve a resolution of ± 50 µm.
In order to establish the optimum instrument configuration, strains were measured
at 30 locations from -7.5 mm to +7.5 mm along line BB situated 1 mm above the
undeformed surface of the bottom sheet (Fig. 6.2.1b). Strains were measured
twice at each point, using two different gauge volumes of 1.0 mm3 and 0.125
mm3) while the acquisition time was varied from 240 s up to 1500 s depending on
the gauge volume and measurement location in the longitudinal direction.
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Fig. 6.2.1 (a) Defining the measuring points through the software SScanSS and
(b) measurement lines AA and BB for head and die side sheet respectively for
residual strains in joint of 2.0 mm + 2.0 mm carbon steel.
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Fig. 6.2.2 Schematic of measurement direction of residual stress evaluated from
(a) head side and (b) die side.
Residual stress may exist in a new un-used rivet as they are produced by forging
and heat treated to the required hardness level. Therefore, a user reference lattice
dr was used instead of the so-called strain free (d0) reference lattice for the
calculation of micro-strain. For the rivet material, dr (1.168713 ± 0.000459 Å )
was determined from the average of three points (one in the rivet head and two in
the rivet leg) of a new unused rivet, and for the steel sheet the reference point dr
(1.167371 ± 6.74x10-5 Å ) was taken as the average of four points at 1 mm from
the four free corners of a new sheet for each gauge volume. The strain and error
were determined by the following equations [213, 245]

1

∆

(6.4)

∆

∆

∆

∗∆

(6.5)

where ΔƐ, Δd and Δdr are measurement errors in strain, lattice spacing and
reference lattice spacing respectively.
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Measurements along line AA

Neutron path length for the diffraction measurements taken along line AA (Fig.
6.2.1b) was dependent on the measuring side, i.e., from the head side or die side
as shown in Fig. 6.2.2. The difference in neutron path length between the two
sides was about 7 mm in average, and the maximum neutron path length was
found to be 4.5 and 12.95 mm from the head side and die side respectively (Table
6.2.2). The acquisition time of 240 and 600 second for the head and tail side
measurements respectively enabled a resolution of ± 50 µm to be achieved (Fig.
6.2.3).
Table 6.2.2 Neutron path length and the acquisition time for a gauge volume of
1.0 mm3 along the line AA as shown in Fig. 6.2.1b.
Measured from head side as
shown in Fig. 6.2.2

Measured from tail side as
shown in Fig. 6.2.2

Neutron
path length
(mm)

Neutron
path length
(mm)

Measurement
points

Distance
from rivet
centre (mm)

1

-4.915

3.38

11.18

2

-4.398

3.72

11.21

3

-3.881

3.76

11.23

4

-3.364

3.76

11.25

5

-2.847

3.94

11.30

6

-2.33

4.15

11.43

7

-1.813

4.34

11.61

8

-1.296

4.49

11.97

9

-0.779

4.54

12.41

10

-0.262

4.53

11

0.262

4.52

12.87

12

0.779

4.49

12.96

13

1.296

4.42

12.94

14

1.813

4.27

12.74

15

2.33

4.02

12.38

16

2.847

3.76

11.96

17

3.364

3.52

11.64

18

3.881

3.51

11.54

19

7.398

3.48

11.52

20

4.915

3.01

11.53

Acquisition
time (sec)

240

12.70

Acquisition
time (sec)

600
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Fig. 6.2.3 Neutron path length distribution along line AA shown in Fig. 6.2.1b
depending upon measuring direction.

Strains measured in the transverse direction along line AA were also found to
depend on the measuring side (from the head side and die side). As shown in Fig.
6.2.4, the strain profile was symmetrical with respect to the rivet axis when
measured from the head side, but not from the die side. The errors (determined by
equation 6.5) were in a range of ± 50 µm for both cases. It was expected that
points at a distance of 3.1 and -3.1 mm from the rivet axis situated in the top
sheet below the rivet head (measurement points 2, 3, 4, 17, 18 and 19 in Fig.
6.2.1b), would be under compression because of the pressure from the rivet head
[240]. Compressive strain was indeed observed using data obtained from the head
side, but tensile strain was obtained for the same position when using data
acquired from the die side (Fig. 6.2.4). This discrepancy, combined with the
asymmetric strain profile obtained from the die side, suggest that the alignment
might have changed while the sample table was rotated, which could be due to the
rotation of the table not being perfectly horizontal, and/or the specimen not being
perfectly straight. In any case, this suggests that the specimen’s area of interest
should be realigned after any rotation of the sample table.
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Fig. 6.2.4 Effect of measuring side on the transverse residual strain profile along
line AA (shown in Fig. 6.2.1b) using 1.0 mm3 gauge volume.

Variations in the Full Width Half Maximum (FWHM) and intensity of the neutron
diffraction peaks acquired along line AA were also affected by the measuring
side, with broader and higher intensity peaks obtained from the die side, by
comparison with those obtained from the head side, as shown in Figs. 6.2.5 and 6.
The normalized value of FWHM reached 1.4 and 1.8 for the head side and die
side measurements respectively. In both cases, peak broadening occurred for the
measurement points situated in rivet head. This is due to the different
microstructure of the sheet and rivet material (Fig. 6.2.7). Rivet material has a
martensitic structure while the sheet material has ferritic structure. Again, peak
broadening was high in die side measurement due to the long neutron path. The
overall intensity for the die side measurement was found to be high due to the
increased acquisition time (Fig. 6.2.6). However, in both measurement directions,
the intensity decreased for the measurement points on the rivet head (points 5 to
16 in Fig. 6.2.1b). The intensity for the measurement points on the rivet head was
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decreased due to two reasons: different microstructure of rivet and longer neutron
path length (Table 6.2.2).

Fig. 6.2.5 Effect of measuring side on Full Width Half Maximum of the neutron
peak (transverse) along line AA (shown in Fig. 6.2.1b) depending upon measuring
direction using 1.0 mm3 gauge volume.
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Fig. 6.2.6 Intensity of the neutron peak in transverse direction along line AA
(shown in Fig. 6.2.1b) depending upon measuring direction using 1.0 mm3 gauge
volume.

Fig. 6.2.7 Microstructure of (a) sheet material showing a ferritic structure and (b)
rivet (as received) material showing a martensitic structure.

However, irrespective of the measuring side, there was an increase in peak
broadening with a decrease in peak intensity for measurements taken within the
rivet head, which increased the level of uncertainty. Nevertheless, these results
were related to microstructural effects. The diffraction peak from the rivet
material displayed a slight shift as well as broadening compared to the sheet
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material, as shown in Fig. 6.2.8, which can be attributed to their differing carbon
composition and alloy elements. The rivet was made from 0.35% carbon steel;
while the sheet material was composed of 0.28% carbon, 0.1% Phosphorus, 1.6%
Manganese and 0.035% Sulphur. The microstructure of the steel rivets is
martensitic with a body centred cubic as opposed to tetragonal lattice as no peak
splitting was observed in Feα(211) reflection, while the steel sheets have a ferritic
microstructure with a body centred cubic lattice (Fig. 6.2.7). Hence, the diffracted
peak intensity was less while measuring the strain in the martensitic rivet head
[246, 247]. To increase the intensity it is necessary to increase the acquisition time
(1.5 and 3 times for 1.0 and 0.125 mm3 respectively) while the neutron diffraction
measurement is conducted in the rivet.

Fig. 6.2.8 Profile of neutron counts showing shift and peak broadening Feα(211)
reflection due to different microstructure in (a) rivet and (b) sheet material.

6.2.2

Measurements along line BB

The effect of gauge volume on the strain profile measured along line BB (Fig.
6.2.1b) is shown in Fig. 6.2.9. It should be noted that with 1.0 and 0.125 mm3
gauge volumes, the acquisition time was 240 and 900 seconds respectively while
measuring the strain in the sheet material, and was increased to 600 and 1500
seconds while measuring the strain in the rivet. At first glance, the strain profile
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measured using 1.0 mm3 gauge volume seems clear and symmetrical (Fig. 6.2.9).
However, it is apparent from Figs. 6.2.1b and 4.9.2.1 that part of the line BB
(measurement points 13 to 18 in Fig. 6.2.1b) was out of material (i.e., crossing a
void) up to 1.70 mm from the rivet axis. The measurement points located within
1.70 mm from the rivet axis were partially spanning solid material when using the
1.0 mm3 gauge volume, and completely out of material for the case of 0.125 mm3
gauge volume. Hence, the result obtained by using 1.0 mm3 gauge volume was
not accurate. The measurement locations (points 10, 11 and 12 in the left side and
points 19, 20 and 21 in the right side) situated from 1.70 mm to 2.75 mm are in
the rivet leg. However, the measurements were taken at points 1.8, -1.8, 2.3,-2.3,
2.8 and -2.8 mm. So only the locations situated at 2.3 and -2.3 mm (points 11 and
20 in Fig. 6.2.1b) reflect the real measurement for the case of 0.125 mm3 gauge
volume, which was fully immersed within the rivet leg. As for 1.0 mm3 gauge
volume no points were fully situated within the rivet leg, which was why the
measurement conducted with 1.0 mm3 gauge volume was not correct. Likewise,
the measurement locations at 2.8 and -2.8 mm from the rivet axis (points 9 and
22) were situated at the triple point and for both cases (1.0 and 0.125 mm3 gauge
volumes) the strain was obtained from a combination of rivet and top and bottom
sheets. However, strains measured from 4.0 mm to 7.5 mm (points 1 to 7 and 24
to 30) were completely immersed within the bottom sheet for both gauge
volumes. The strain profiles measured from this range (4.0 to 7.5 mm) are shown
in Fig. 6.2.10. It is clear from this figure that the trends are similar for both gauge
volumes with the 1.0 mm3 gauge volume data showing a higher magnitude which
may be due to the pseudo strain. The other reason of this higher magnitude may
be due to the error during the d0 measurement for 1.0 mm3 gauge volume, because
from the physics point of view the magnitude should be same (magnitude of
residual stress does not depends on gauge volume). All else being equal, the
bigger gauge volume should give a better statistics in the strain measurement
because more material is being sampled.
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Fig. 6.2.9 Effect of gauge volume on the longitudinal residual strain profile along
line BB (shown in Fig. 6.2.1b).

Fig. 6.2.10 Residual strain profile along line BB only on materials shown in Fig.
6.2.1b depending upon gauge volume.
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An optimum instrument condition for residual stress evaluation in SPR joints by
the neutron diffraction method was developed in this section. It is suggested that
the 0.125 mm3 gauge volume is preferable for the strain measurement in SPR
joints. Sufficient acquisition time is necessary to achieve a reasonable
measurement uncertainty. At first, the acquisition time should be selected based
on the neutron path length of the measurement point. Typically, 240 and 900
seconds are necessary to achieve error (measurement uncertainty) in strain
measurement within the range of ± 50 µm in sheet material for 1.0 and 0.125 mm3
gauge volumes respectively while the neutron path length is around 4.0 mm. The
detection time while measuring the d-spacing inside a rivet should be increased to
maintain the same measurement error with the same neutron path length due to
the different diffraction peaks from martensitic structure of the rivet (the peak
position is very close to the d-spacing of the Feα(211) reflection but not the
same): 600 and 1500 seconds for 1.0 and 0.125 mm3 gauge volume respectively.
It is also suggested that the realignment should be undertaken if any angular
movement of the table occurred. An investigation applying these optimum
instrument parameters to the evaluation of residual stress for a wider range of SPR
joints is reported in the subsequent sections of this chapter to provide guidance for
the optimum design of SPR joining conditions.

6.3

Residual stress in different SPR joints

The feasibility of measuring residual stress in different riveted joints was
examined in the previous section and the parameters were optimized to reduce the
uncertainties involved and to improve the measurement technique for a
meaningful result. Nine different combinations of joints (case A, B to I in Table
6.3.1) comprise types of thickness (5.0, 4.0 and 3.0 mm) and two different
hardnesses of material (G300 and G450 carbon steel having hardness of 198 HV
and 270 HV respectively) and two forms of rivet hardness (555 and 480 HV) were
considered for this study. A flat die was used for each condition with a high die
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recess volume for the thick joint and low die recess volume for the thin joint. It
should be noted that access to the Kowari strain scanner has a limited time frame.
Out of the nine different combinations, only seven joints have been fully studied
by neutron diffraction while for two joints (D, E) partial strain measurements
were undertaken.
Table 6.3.1 Different combinations of joint for residual stress evaluation.

Case
no.
A
B
C
D
E
F
G
H
I

6.3.A.

Material
G450 steel
G300 steel
G450 steel
G300 steel
G300 steel

Top
sheet
thickness
(mm)

Bottom
sheet
thickness
(mm)

Length
(mm)

Hardness
(HV)

Diameter
(mm)

Depth
(mm)

1.5

1.5

6

480

9

2

2.5

2.5

8

555

11

2.35

2.0

2.0

7

10

2.50

2.0

2.0

7

480
555
480
555
480

10

2.10

Rivet

G450 steel
G300 steel

Die

1.5 mm + 1.5 mm G450 carbon steel joint with 480 HV rivet

At this stage, a joint was produced by using 1.5 mm thick G450 carbon steel strips
as the top material and bottom materials. A 6 mm rivet with a hardness of 480 HV
and a flat die (9.0 mm diameter and 2.0 mm deep) were used to produce the joint.
The force-displacement curve of this joint was shown previously in Fig. 5.2.5a.
Strain measurements were made along lines OO and PP, which were at depths of
0.75 mm and 1.0 mm from the undeformed top sheet surface and the surface of
rivet head respectively (Fig. 6.3.1). Strain was also measured along line QQ,
which was 0.75 mm up from the undeformed bottom sheet surface to obtain the
behaviour of stresses in the steel sheet. To obtain the behaviour of stresses in the
rivet, strains were measured along lines RR and SS as shown in Fig. 6.3.1. The
positions of the measurement points taken along those lines and relative to the
joint centreline are summarized in Table 6.3.2.
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Fig. 6.3.1 Measurement lines for residual stress evaluation in a joint of 1.5 mm
G450 + 1.5 mm G450 steel.

Table 6.3.2 Measurement points along lines OO, PP, QQ, RR and SS shown in
Fig. 6.3.1.
Line

OO and QQ

PP

RR

SS

Measurement points
(mm) from rivet axis
shown in Fig. 6.3.1

-8.5, -7.5, -6.5,
-5.5, -4.5, 4.5,
5.5, 6.5, 7.5,
8.5
10*2 = 20

-2.5, -0.5, 0.5,
2.5

-2.5, 2.5

-2.75, 2.75

4

2

2

Total number of points

The stresses that were evaluated in the steel sheet along lines OO and QQ are
shown in Figs. 6.3.2 & 3. It is clear from Fig. 6.3.2 that the stress components
near the joint showed a compressive behaviour at a distance of 4.50 mm from the
rivet axis. The stresses that developed far from the joint were not significant. The
stress profile looks a bit asymmetric. The force during riveting was not
completely vertical due to C-frame deflection. The stress that was developed in
the left side was low compared with that in the right side (Fig. 6.3.2). In the right
side the stresses were found to be positive, which was counter balanced by the left
side of the bottom sheet (Fig. 6.3.3). The minimum stress was observed in the top
sheet at -5.5 mm in the transverse direction and the maximum stress was also
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observed on the top sheet at a displacement of 5.5 mm in the normal direction.
The maximum error on calculated residual stresses was ± 22 MPa.

Fig. 6.3.2 Residual stress profiles in top sheet along line OO corresponding to the
lines shown in Fig. 6.3.1.

Fig. 6.3.3 Residual stress profiles in bottom sheet along line QQ corresponding to
the lines shown in Fig. 6.3.1.
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Residual stresses along lines PP, RR and SS were inside the rivet as shown in
Fig.6.3.1. The measurement locations (8 points) and the stresses in the rivet are
shown in Fig.6.3.4. It was clear that the stresses inside the rivet were determined
to be compressive. A huge amount of energy was delivered to a very small
volume in the riveting process, welding the rivet and the top and bottom sheets
together and causing them to act as a single body. For this reason the stresses
observed inside the rivet were compressive and this was counter balanced by the
top and bottom sheets. Stresses in the rivet head (measurement locations 3, 4, 5
and 6) were similar in nature and in the order of 650 ± 19 MPa. Stresses
determined in the rivet leg were asymmetric. The maximum compressive stress
was observed at the left leg of the rivet (measurement location 2) had a value of 753 ± 16 MPa which was measured in the transverse direction. Hardness ratio
between rivet (480 HV) and sheet materials (270 HV) plays an important role in
the residual stress profile inside the rivet (in this case 480/270 equals 1.78). The
higher the ratio is, the lower the magnitude of the residual stress will be.

Fig. 6.3.4 Residual stress profiles in rivet on different locations for 1.5 + 1.5 mm
G450 carbon steel joint with 480 HV rivet.
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1.5 mm + 1.5 mm G300 steel joint with 480 HV rivet

In this case, the sheet materials were changed by replacing G450 with G300
carbon steel while keeping all other parameters the same as case A in Table 6.3.1.
The force-displacement curve of this joint was shown previously in Fig. 5.3.3.
Strain measurements were made along lines ÓÓ and P′P′, which were at depths of
0.75 mm and 1.0 mm from the undeformed top sheet surface and the surface of
the rivet head respectively (Fig. 6.3.5). Strain was also measured along line Q′Q′,
which was 0.75 mm up from the undeformed bottom sheet surface to obtain the
behaviour of stress in the steel sheet. To obtain the behaviour of stress in the rivet,
strains were measured along lines R′R′ and S′S′ as shown in Fig.6.3.5. The
positions of the measurement points taken along those lines and relative to the
joint centreline are summarized in Table 6.3.3.

Fig. 6.3.5 Measurement lines for residual stress evaluation in a joint of 1.5 mm
G300 + 1.5 mm G300 steel.

Table 6.3.3 Measurement points along lines O′O′, P′P′, Q′Q′, R′R′ and S′S′ shown
in Fig. 6.3.5.
Line

O′O′ and Q′Q′

P′P′

R′R′

S′S′

Measurement points
(mm) from rivet axis
shown in Fig. 6.3.5

-8.5, -7.5, -6.5,
-5.5, -4.5, 4.5,
5.5, 6.5, 7.5,
8.5
10*2 = 20

-2.5, -0.5, 0.5,
2.5

-2.5, 2.5

-2.75, 2.75

4

2

2

Total number of points
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The stresses evaluated in the steel sheet along lines O′O′ and Q′Q′ are shown in
Figs. 6.3.6 & 7. It is clear from Fig. 6.3.6 that the stress components near the joint
showed a compressive behaviour and the stresses far from the riveting centre were
tending to zero. C-frame deflection was negligible due to the soft sheet material.
Thus, the stress profile was more symmetric. A similar pattern of residual stress
was also observed in the bottom sheet which was along line Q′Q′ (Fig. 6.3.7). The
minimum stress was observed on the top sheet at -6.5 mm in the transverse
direction and the maximum stress was also observed on top sheet at a
displacement of 7.5 mm in the longitudinal direction. The maximum error on
calculated residual stresses was ± 16 MPa.

Fig. 6.3.6 Residual stress profiles in top sheet along line O′O′ corresponding to
the lines shown in Fig. 6.3.5.
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Fig. 6.3.7 Residual stress profiles in bottom sheet along line Q′Q′ corresponding
to the lines shown in Fig. 6.3.5.

Residual stresses along lines P′P′, R′R′ and S′S′ were inside the rivet as shown in
Fig. 6.3.5. The measurement locations (8 points) and the stress profile in the rivet
are shown in Fig. 6.3.8. The stresses inside the rivet were compressive due to the
same reason as described previously (the joint behaves as a single body). The
stresses on the rivet head (measurement locations 3, 4, 5 and 6) were similar in
nature and in the order of 500 MPa. The normal residual stress evaluated at
location 3 did not match with the other values of the stresses. It was believed that,
this value did not represent the true value and this occurred due to an error during
the measurement.
The stresses in the rivet leg were more symmetric compared with the previous
condition due to the soft sheet material. The maximum compressive stress was
observed at the left leg of the rivet (measurement location 2) in the transverse
direction had a value of -630 ± 16 MPa. Due to an increase in hardness ratio
between the rivet and the sheet materials (480/198 equals to 2.42) the magnitude
of the compressive stress was reduced to a lower value.
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Fig. 6.3.8 Residual stress profiles in rivet on different locations for 1.5 + 1.5 mm
G300 carbon steel joint with 480 HV rivet.

6.3.C.

2.5 mm + 2.5 mm G450 steel joint with 555 HV rivet

In this case a joint was produced by increasing the ply material’s thickness. A 2.5
mm thick G450 carbon steel strip was used as top and bottom materials (Table
6.3.1). As the thickness was increased a longer rivet was used: 8 mm long rivet
with a hardness of 555 HV. Again, a flat die with an increased die recess volume
(11.0 mm diameter and 2.35 mm deep) was used to accumulate higher
deformation. The force-displacement curve of this joint was shown previously in
Fig. 5.4.1. Strain measurements were made along line LL, which was at a depth of
1.25 mm from the undeformed top sheet surface (Fig. 6.3.9). Strain was also
measured along line MM, which was 1.25 mm up from the undeformed bottom
sheet surface to obtain the behaviour of the stress in the steel sheet. To study the
behaviour of the material inside the die, strains were measured along line NN as
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shown in Fig. 6.3.9. The positions of the measurement points taken along those
lines and relative to the joint centreline are summarized in Table 6.3.4.

Fig. 6.3.9 Measurement lines for residual stress evaluation in a joint of 2.5 mm
G450 + 2.5 mm G450 steel.

Table 6.3.4 Measurement points along lines LL, MM and NN shown in Fig. 6.3.9.
Line

LL

MM

NN

Measurement points

-8.5, -7.5, -6.5, -5.5, -

-8.5, -7.5, -6.5, -5.5, -

-3.5, -3.0, -2.0, -1.0,

(mm) from rivet axis

4.5, -4.0, -1.5, 0.0,

4.5, -4.0, -3.5, -2.5,

0.0, 1.0, 2.0, 3.0, 3.5

shown in Fig. 6.3.9

1.5, 4.0, 4.5, 5.5, 6.5,

2.5, 3.5, 4.0, 4.5, 5.5,

7.5, 8.5

6.5, 7.5, 8.5

15

16

Total number of points

9

The stresses evaluated in the steel sheet along lines LL and MM are shown in
Figs. 6.3.10 & 11. It is clear from Fig. 6.3.10 that the points -1.5, 0 and 1.5 mm
from the rivet axis were on the rivet head and the other points were on the top
sheet. The overall stress components on rivet head showed a compressive
behaviour with a lower magnitude varying from 23 ± 15 MPa to -225 ± 21 MPa.
The stresses on the top sheet were not significant. The minimum stress (-123 ± 14
MPa) was observed on the top sheet at -7.5 mm in the transverse direction and the
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maximum stress (123 ± 16 MPa) was also observed on the top sheet at a
displacement of -6.5 mm in the normal direction. The overall profile of the stress
was symmetrical with respect to the rivet centre.

Fig. 6.3.10 Residual stress profiles in top sheet along line LL corresponding to the
lines shown in Fig. 6.3.9.

Fig. 6.3.11 Residual stress profiles in bottom sheet along line MM corresponding
to the lines shown in Fig. 6.3.9.
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It is clear from Fig. 6.3.11 that the points 2.5 and -2.5 mm from the rivet centre
were in the rivet leg and the other points were in the bottom sheet. The stress
components in the rivet leg showed a compressive behaviour with a higher
magnitude compared with the stresses on the rivet head. The magnitude of the
compressive stress reached up to -400 ± 23 MPa. Stress values in the bottom sheet
were tensile near the joint and tend towards zero far from the rivet centre. The
maximum tensile stress went up to a magnitude of 250 ± 12 MPa and the stresses
at 6.5 and -6.5 mm from the rivet axis were not significant. It can also be observed
from Fig. 6.3.11 that the measurement error in the rivet leg (± 40 MPa) was higher
compared with the stresses in the bottom sheet (± 16 MPa). The rivet has a
martensitic structure, so it requires more time to achieve required accuracy and
intensity during the measurement of the d-spacing on the Feα(211) reflection. On
the other hand, the top and bottom sheets have a ferritic structure, in which it is
quite easy to detect the diffraction peak. Thus, the residual strain measured in the
rivet leg had a large error.

Fig. 6.3.12 Residual stress profiles in bottom sheet along line NN corresponding
to the lines shown in Fig. 6.3.9.
237

Residual stress

Chapter 6

The stresses that were measured in the steel sheet along line NN are shown in Fig.
6.3.12. It is clear from Fig. 6.3.12 that the points at 3.0 mm from the rivet centre
were in the rivet leg. A high magnitude of compressive stress was observed in the
rivet leg. The maximum compressive stress of -530 ± 30 MPa was observed at 3.0 mm from the rivet axis in the longitudinal direction. The stresses in the
material showed a symmetric behaviour. It is clear from Fig. 6.3.12 that the
normal residual stresses were tensile. During the riveting operation, as soon as the
rivet starts flaring, it pushes the material inside the rivet cavity, triggering plastic
deformation in the bottom sheet, putting the material in tension in the normal
direction. On the other hand, the transverse and longitudinal stresses inside the
rivet leg were compressive. However, at a distance of 3.5 and -3.5 mm those
stress components (transverse and longitudinal) showed a tensile behaviour.
During the bending operation of the SPR process material flows toward the die
cavity in a tensile manner. Hence, all the components at a distance of 3.5 and -3.5
mm were in tension. These tensile stresses were counter balanced by the
compressive stresses inside the rivet.
Residual stresses at the different locations of the rivet are shown in Fig. 6.3.13.
Three points were measured in rivet head and four points were measured on rivet
leg. It is clear from Fig. 6.3.13 that the stresses were symmetrical with respect to
the rivet axis. The stresses were compressive in nature with a lower magnitude on
the rivet head compared with that in the rivet leg. The value of the compressive
stress was increased towards the far end of the rivet leg. The highest stresses (-530
± 21 MPa ) were observed at points 1 and 7 which were located at 3.0 mm from
the rivet axis and 1.25 mm from the die bottom surface.
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Fig. 6.3.13 Residual stress profiles in rivet on different locations for 2.5 + 2.5 mm
G450 carbon steel joint with 555 HV rivet.

6.3.D.

2.5 mm + 2.5 mm G300 steel joint with 555 HV rivet

In this case, a joint was produced by using a G300 steel instead of a G450 carbon
steel strip. As the total thickness of the stack was the same as in case C in Table
6.3.1 the same die and rivets were used to produce the joint. The forcedisplacement curve of this joint was shown previously in Fig. 5.4.1. Strain
measurements were made along line L′L′, which was at a depth of 1.25 mm from
the undeformed top sheet surface (Fig. 6.3.14). Strain was also measured along
line M′M′, which was 1.25 mm up from the undeformed bottom sheet surface to
study the behaviour of stress in the steel sheet. To obtain the behaviour of the
material inside the die, strains were measured along line N′N′ as shown in Fig.
6.3.14. The position of the measurement points taken along those lines and
relative to the joint centreline are summarized in Table 6.3.5. Due to the
limitations of beam time, strain was measured only on the right half from the rivet
axis.
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Fig. 6.3.14 Measurement lines for residual stress evaluation in a joint of 2.5 mm
G300 + 2.5 mm G300 steel.

Table 6.3.5 Measurement points along lines L′L′, M′M′, and N′N′ shown in Fig.
6.3.14.
Line

L′L′

M′M′

N′N′

Measurement points (mm)

0.0, 1.5, 5.0, 6.0, 7.0,

2.0, 5.0, 6.0, 7.0, 8.0

0.0, 1.0, 2.5, 4.0

from rivet axis shown in

8.0
5

4

Fig. 6.3.14
Total number of points

6

The stresses evaluated in the steel sheet along lines L′L′ and M′M′ are shown in
Figs. 6.3.15 & 16. The points at a distance of 0.0 and 1.5 mm from the rivet axis
on line L′L′ are situated on the rivet head and the other points are on the top sheet.
It is clear from Fig. 6.3.15 that the stresses inside the rivet head were compressive
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with a higher magnitude compared with the stresses in steel sheet. The stresses on
the top sheet were within the elastic limit of the material.

Fig. 6.3.15 Residual stress profiles in top sheet along line L′L′ corresponding to
the lines shown in Fig. 6.3.14.

The point 2.0 mm from rivet centre on line M′M′ is in the rivet leg (Fig. 6.3.16). It
was clear that the stress in the rivet leg had a higher magnitude compared with the
stresses in the bottom sheet. The maximum stress (-431 ± 30 MPa) was observed
at 2.0 mm from the rivet axis in the rivet leg. The stresses in the bottom sheet
were not significant.
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Fig. 6.3.16 Residual stress profiles in bottom sheet along line M′M′ corresponding
to the lines shown in Fig. 6.3.14.

The behaviour of the material inside the die was obtained by the stress evaluated
along line ŃŃ (Fig. 6.3.17). A high magnitude of compressive stress was
observed in the rivet leg at 2.5 mm from the rivet axis. The maximum value of the
stress (-317 ± 26 MPa) was found in the longitudinal direction. A high
compressive stress (-300 ± 23 MPa) was observed at 0.0 mm from the rivet axis. It
could be easily identified from Fig. 6.3.14 that this point (0.0 mm on N′N′ line)
was very near to the boundary of the top and bottom sheet. So, the material inside
the gauge volume was a mixture of the top and bottom sheets. Due to this reason
an unexpected high compressive stress was observed at this point. The stress
evaluated at 1.0 mm from rivet centre on line N′N′ was compressive as expected.
Surprisingly the stress evaluated at 4.0 mm from rivet centre on line N′N′ was
found to be near zero. A tensile stress was expected instead of a zero residual
stress. In order to identify the reason, the joint was cross-sectioned after the
neutron measurement. A crack was found in the bottom sheet as shown in Fig.
6.3.18 which demonstrated the reason of the zero residual stress at 4.0 mm from
the rivet centre.
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Fig. 6.3.17 Residual stress profiles in bottom sheet along line N′N′ corresponding
to the lines shown in Fig. 6.3.14.

Fig. 6.3.18 Crack observed in the bottom sheet of 2.5 mm + 2.5 mm joint with an
8 mm long rivet with a hardness of 555 HV.
The different locations of the residual stress measurement in the rivet are shown
in Fig. 6.3.19. Two points were on the rivet head and four points were in the rivet
leg. It was clear that the magnitude of the stress on the rivet head was low. The
magnitude of the stress was increased at points 3 and 4 which were positioned in
the rivet leg. The highest magnitude of the compressive stress (-438 ± 29 MPa)
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was observed at point 4 in the longitudinal direction. However, the magnitude
started to decrease at points 5 and 6 which indicates a crack was developed inside
the rivet. In order to verify this hypothesis the rivet was extracted from joint
carefully by inducing no external stress and a crack was observed inside the rivet
(Fig. 6.3.20).

Fig. 6.3.19 Residual stress profiles in rivet on different locations for 2.5 + 2.5 mm
G300 carbon steel joint with 555 HV rivet.

Fig. 6.3.20 Crack in the rivet extracted from 2.5 + 2.5 mm joint with an 8 mm
long rivet with a hardness of 555 HV.
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2.0 mm + 2.0 mm G300 steel joint with 480 HV rivet (2.5 mm deep
die)

In this case a joint was produced by decreasing the ply material’s thickness. A 2.0
mm G300 carbon steel strip was used as the top and bottom sheets. As the total
thickness of the stack was reduced to 4.0 mm (2.0 mm at the top and 2.0 mm at
the bottom) a 7 mm rivet with a hardness of 480 HV and a flat die (10.0 mm
diameter and 2.50 mm deep) were used to produce the joint. The forcedisplacement curve of this joint was shown previously in Fig. 5.3.2. Strain
measurements were made along lines BB and DD, which were at depths of 1.0
mm from the undeformed top sheet surface and 1.0 mm up from the undeformed
bottom sheet surface respectively (Fig. 6.3.21). Strain was also measured along
line FF (2.0 mm up from the die bottom surface) in order to understand the
behaviour of material inside the die cavity. To obtain the stress behaviour inside
the rivet head strains were measured along line AA (1.0 mm from the rivet top
surface). In order to study the stress profile in the rivet strains were also measured
along lines CC, EE, FF and GG which were 4.0, 3.0, 2.0 and 1.0 mm up from the
die bottom surface respectively. The positions of the measurement points taken
along those lines and relative to the joint centreline are summarized in Table
6.3.6. Again, due to the limitations of the available beam time, strain was
measured only on the right half from the rivet axis.

245

Residual stress

Chapter 6

Fig. 6.3.21 Measurement lines for residual stress evaluation in a joint of 2.0 mm
G300 + 2.0 mm G300 steel.
Table 6.3.6 Measurement points along lines AA, BB, CC, DD, EE, FF and GG
shown in Fig. 6.3.21.
Line
Measurement points
(mm) from rivet axis
shown in Fig. 6.3.21
Total number of
points

AA

BB and DD

0.0,

5.0, 6.0, 7.0,

2.0

8.0

2

4*2=8

CC

EE

2.0

2.0

1

1

FF
0.0, 1.0,
2.5
3

GG
3.0

1

The stresses that were evaluated in the steel sheet along lines BB and DD are
shown in Figs. 6.3.22 and 23. It is clear from Fig. 6.3.22 that the stress at 5.0 mm
from rivet centre was compressive and the stress that developed at 6.0 mm from
the rivet centre was not significant. On the other hand, residual stress in the
bottom sheet at 5.0 from the rivet axis was tensile in nature (as expected) and the
stresses that were developed beyond 6.0 mm far from the rivet centre were not
significant.
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Fig. 6.3.22 Residual stress profiles in top sheet along line BB corresponding to the
lines shown in Fig. 6.3.21.

Fig. 6.3.23 Residual stress profiles in bottom sheet along line DD corresponding
to the lines shown in Fig. 6.3.21.
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To obtain the residual stress inside the die cavity, strains were measured along
line FF and the stress profile is shown in Fig. 6.3.24. It should be noted that the
point at 2.5 mm from the rivet axis was situated in the rivet leg. The stress in the
material showed a compressive behaviour at 0.0 mm. However, a tensile
behaviour of stress was observed at 1.0 mm in normal direction. Again, the stress
in the rivet leg was compressive according to the expectation.

Fig. 6.3.24 Residual stress profiles in bottom sheet along line FF corresponding to
the lines shown in Fig. 6.3.21.

Residual stress at different locations in the rivet is shown in Fig. 6.3.25. Two
points were in the rivet head and four points were in the rivet leg. It was clear that
the stress value in the rivet head was low. The magnitude of residual stress in the
rivet leg remained in the order of -200 MPa at points 3, 4 and 5. However, the
magnitude was increased at point 6 (3.0 mm from the rivet axis and 1.0 mm from
the die bottom surface). Thus, it was easy to conclude that the compressive
residual stress increased toward the rivet leg.
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Fig. 6.3.25 Residual stress profiles in rivet on different locations for 2.0 + 2.0 mm
G300 carbon steel joint with 480 HV rivet (2.5 mm deep die).

6.3.F.

2.0 mm + 2.0 mm G450 steel joint with 555 HV rivet (2.1 mm deep
die)

In this case the die depth was reduced to 2.1 mm from 2.5 mm by keeping the
diameter of the die the same as in case E according to Table 6.3.1. The material
thickness was kept the same but a different material (G450 instead of G300
carbon steel sheets) was used. A 7 mm rivet was used again as the thickness was
unchanged, but the rivet hardness was changed to 555 HV. The forcedisplacement curve of this joint was shown previously in Fig. 5.2.3a. As the
component of interest is rivet the strain was measured at 11 different locations as
shown in Fig. 6.3.26. Due to the experience gained in the residual stress
evaluation it was easy for the author to align the specimens to measure the strain
only inside the rivet. The residual stresses at different locations are shown in Fig.
6.3.26.
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Fig. 6.3.26 Residual stress profiles in the rivet at different locations for a joint of
2.0 + 2.0 mm G450 carbon steel with a 555 HV rivet.

It is clear from Fig. 6.3.26 that the overall residual stress inside the rivet was
compressive and the stress profile was approximately symmetric (except for
position 8) with respect to the rivet axis. The maximum compressive residual
stress was found at point 3 in the rivet leg near to the interface between the top
and bottom sheets. The magnitude of the compressive residual stress was -380 ±
41 MPa in the transverse direction. The stress that was evaluated at the corner of
the rivet (locations 1 and 11) was close to zero. This value of the stress indicated a
crack had developed inside the rivet near those locations. To verify this, the rivet
was extracted from the joint and cracks were indeed observed as shown in Fig.
6.3.27.

250

Residual stress

Chapter 6

Fig. 6.3.27 Crack in the rivet extracted from 2.0 + 2.0 mm G450 steel joint with a
7 mm long rivet with a hardness of 555 HV.

6.3.G.

2.0 mm + 2.0 mm G450 steel joint with 480 HV rivet (2.1 mm deep
die)

To understand the behaviour of residual stress in SPR joints for a change in rivet
hardness another joint of 4.0 mm total stack thickness was chosen by keeping all
other parameters the same as in case F according to Table 6.3.1. A rivet with a
reduced hardness (480 HV) was chosen. The force-displacement curve of this
joint was shown in the previous chapter in Fig. 5.2.3b.

Again, strain was

measured at 11 different locations as shown in Fig. 6.3.28.
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Fig. 6.3.28 Residual stress profiles in rivet on different locations for a joint of 2.0
+ 2.0 mm G450 carbon steel with 480 HV rivet.

Only the normal component of the stresses showed a tensile behaviour while the
transverse and longitudinal stress components showed a compressive behaviour
(Fig. 6.3.28). The magnitude of the compressive stress was in the order of -200
MPa. The maximum value of the compressive residual stress (-235 ± 24 MPa)
was observed at location 2 in the transverse direction. Unlike the previous
condition, the compressive stresses were lower in magnitude (for a 555 HV rivet
stress reached up to a value of -380 ± 41 MPa) due to the soft rivet. Again, stress
values at locations 1 and 11 were near to zero due to a crack formed inside the
rivet (Fig. 6.3.29). It should be noted that, multiple cracks observed in the case F
(Fig. 6.3.27). However, in this case fewer cracks were found (Fig. 6.3.29) due to
the soft rivet.
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Fig. 6.3.29 Crack in the rivet extracted from 2.0 + 2.0 mm G450 steel joint with a
7 mm long rivet with a hardness of 480 HV.

6.3.H.

2.0 mm + 2.0 mm G300 steel joint with 555 HV rivet (2.1 mm
deep die)

To study the residual stress profile in the SPR joint for a soft sheet material,
another joint of 4.0 mm total stack thickness was chosen. In this case 2.0 mm
G300 carbon steel was used as the top and bottom sheets. A 555 HV rivet was
used to produce the joint by keeping the rivet length and the die parameters the
same. The force-displacement curve of this joint was shown previously in Fig.
5.3.2. Again, strain was measured at 11 different locations as shown in Fig.
6.3.30, to follow the consistency.
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Fig. 6.3.30 Residual stress profiles in rivet on different locations for a joint of 2.0
+ 2.0 mm G300 carbon steel with 555 HV rivet.

It is clear from Fig. 6.3.30 that the residual stress inside the rivet was mainly
compressive and the stress profile was symmetric with respect to the rivet axis.
The magnitude of the compressive residual stress increased towards the rivet leg
and away from rivet centre. The maximum compressive residual stress was -420 ±
27 MPa in the transverse direction at location 2. The stress value in longitudinal
and transverse directions that was evaluated at the corner of the rivet (locations 1
and 11) was near to zero. This value of stress indicates a crack had formed inside
the rivet at those locations and verified by the observation from extracted rivet
(Fig. 6.3.31). It should be noted that the number of cracks in the rivet leg again
increased compared with the case G in Table 6.3.1 because of the hard rivet.
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Fig. 6.3.31 Crack in the rivet extracted from 2.0 mm + 2.0 mm G300 steel joint
with a 7 mm long rivet with a hardness of 555 HV.

6.3.I.

2.0 mm + 2.0 mm G300 steel joint with 480 HV rivet (2.1 mm deep
die)

The effect of rivet hardness on the residual stress profile in soft steel sheets was
investigated in this condition. All parameters were kept the same except the rivet
hardness. A rivet with a hardness of 480 HV was chosen. The force-displacement
curve of this joint was shown in the previous chapter in Fig. 5.3.2. To follow the
consistency of the experiment, strain was measured again at 11 different locations
as shown in Fig. 6.3.32.
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Fig. 6.3.32 Residual stress profiles in rivet on different locations for a joint of 2.0
+ 2.0 mm G300 carbon steel with 480 HV rivet.

Residual stress observed in Fig. 6.3.32 was symmetric with respect to the rivet
axis. It was also clear that the normal stress components were tensile in nature and
compressive residual stresses found in the transverse and longitudinal directions.
At the beginning, the magnitude of the compressive residual stresses increased
towards the rivet leg. Stresses at locations 2, 3, 4 and 8, 9, 10 are almost in the
same order of -100 MPa. Maximum compressive stress was -200 ± 23 MPa in the
transverse direction at location 8. The stress components at locations 1 and 11
were tensile. As a soft rivet was used in this case a large rivet flaring was occurred
(rivet flaring was 1.11 mm in Table 5.8). Due to this reason a tensile residual
stress was observed at the far end of the rivet leg.
Unlike the previous three conditions (cases F, G and H in Table 6.3.1, all of them
are 4.0 mm joint), stress components at locations 1 and 11 are found to be tensile.
In the previous conditions the stress components at the same locations found to be
zero (Fig. 6.3.30). This means that no crack should be observed in the rivet leg.
The rivet was extracted from the joint and no crack was found in the extracted
rivet (Fig. 6.3.33).
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Fig. 6.3.33 No crack in the rivet extracted from 2.0 mm + 2.0 mm G300 steel joint
with a 7 mm long rivet with a hardness of 480 HV.

6.4

Effect of ply materials’ hardness on residual stress
profile

Ply materials’ hardness plays a very important role on the residual stress profile in
different SPR joints. Two different hardnesses of material consisting of three
different thicknesses were chosen to investigate the effect of materials’ hardness
on the residual stress profile.

6.4.1

3 mm (1.5 mm + 1.5 mm) stack thickness

In order to investigate the effect of ply material’s hardness on the residual stress
profile, at first, two joints of 3.0 mm total thickness were produced by two
different materials (G450 and G300 carbon steel) by keeping all other parameters
the same. The length of the rivet was 6.0 mm (480 HV). In addition, a flat die (9.0
mm diameter and 2.0 mm deep) was used to produce the joints. Transverse
residual stresses (for normal and longitudinal stress see Appendix B) were
measured at 8 different locations inside the rivet as shown in Fig. 6.4.1. The forcedisplacement curves of these joints were shown in the previous chapter in Fig.
5.4.3 (inset of Fig. 6.4.1).
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Fig. 6.4.1 Transverse residual stress profile depending on material hardness of 1.5
mm + 1.5 mm joint.

It is clear from Fig. 6.4.1 that the magnitudes of the residual stress at locations 1
and 8 were similar for both joints. In the previous chapter (Chapter 5.4), it was
observed that after a certain displacement, the two curves became identical: the
role of the material was insignificant (Fig. 5.4.3). Due to this reason, the
magnitude of the residual stress was also similar at the corner of the rivet leg. The
residual stresses in the rivet leg varied about 100 MPa depending on the material
hardness at locations 2 and 7. High compressive stresses were observed for the
hard material. This high compressive stresses can be related to the high force
required while producing the joint. A significant deviation in the residual stress
was observed in the middle of the rivet head at locations 4 and 5 in Fig. 6.4.1. The
magnitude of the compressive stresses was -350 ± 23 MPa for the soft sheet
material. It was believed that this residual stress in the rivet head originated during
the piercing stage of the riveting process. It is clear from Fig. 5.4.3 a high force
was required during the piercing stage for the hard sheet. Due to this reason, the
magnitude of residual stresses was high in the rivet head for hard material.
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4 mm (2.0 mm + 2.0 mm) stack thickness

To investigate the effect of ply material’s hardness on residual stress profile
further for a thicker joint, two joints of 4.0 mm total thickness were produced by
two different materials (G450 and G300 carbon steel) by keeping all other
parameters the same. As the joint thickness was increased, a long rivet (7.0 mm
long and hardness of 555 HV) was used to produce those joints. A flat die with
increased die recess volume (10.0 mm diameter and 2.1 mm deep) was used to
produce the joints. The force-displacement curves of these joints were shown in
the previous chapter (Chapter 5.4) in Fig. 5.4.2. Transverse residual stresses (for
normal and longitudinal stress see Appendix B) were measured at 11 different
locations inside the rivet as shown in Fig. 6.4.2.
It is clear from Fig. 6.4.2 that the magnitude of the residual stresses in the rivet leg
(locations 1-4 and 8-11) varied in the order of 100 MPa depending on material
hardness. The harder the ply materials are the higher the compressive stresses in
the rivet leg will be. However, the value of the stresses on the rivet head
(measurement locations 5-7) changed more significantly due to a change in
material hardness. The stresses were 150 MPa higher in magnitude for the soft
materials due to the lower force required during the piercing stage.

Fig. 6.4.2 Transverse residual stress profile depending on material hardness of 2.0
mm + 2.0 mm joint.
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5 mm (2.5 mm + 2.5 mm) stack thickness

To investigate the effect of ply material’s hardness on residual stress profile for a
much thicker joint, two joints of 5.0 mm total thickness were produced by two
different materials (G450 and G300 carbon steel) by keeping all other parameters
the same. As the joint thickness was increased again, a long rivet (8.0 mm, 555
HV) was used to produce those joints. In addition, a flat die with increased die
recess volume (11.0 mm diameter and 2.35 mm deep) was used. The forcedisplacement curves of these joints were shown in the previous chapter in Fig.
5.4.1. Transverse residual stresses (for normal and longitudinal stress see
Appendix B) were measured at 4 different locations inside the rivet (2 locations
were on the rivet head and another 2 locations were in the rivet leg) as shown in
Fig. 6.4.3.
Unlike the previous two conditions the magnitude of the residual stresses inside
the rivet leg (locations 3 and 4) was high for the softer material. In order to find
the reason, the joints were cross-sectioned after the residual stress measurement.
The cross-sections of these joints are shown in Fig. 6.4.4. A gap under the rivet
head was observed for the G450 sheet while there was no gap for the G300 steel
sheet. The material inside the rivet bore was packed for G300 steel, which puts
more compressive pressure on rivet leg. For this reason, high compressive stress
was observed in G300 steel joint.
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Fig. 6.4.3 Transverse residual stress profile depending on material hardness of 2.5
mm + 2.5 mm joint.
It is clear from Fig. 6.4.3 that no significant change in the residual stress profile
on the rivet head was observed due to a change in material hardness. On the other
hand, significant change in the residual stress profile was observed in the previous
two conditions. A strong rivet was used to produce this joint and the rivet head
was much thicker compared with the rivet leg (Fig. 6.4.4). Due to this reason,
high energy required for developing a high residual stress inside the rivet head.
Thus, the stresses that developed at locations 1 and 2 were negligible.

Fig. 6.4.4 Cross- sections of riveted joint of 5.0 mm stack thickness (a) G450 and
(b) G300 carbon steel.
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Effect of ply materials’ thickness on residual stress
profile

Ply materials’ thickness also plays a very important role on the residual stress
profile in SPR joints. Three different thicknesses were considered to study the
effect of material thickness on residual stress profile. The study also considered
two different materials (G450 and G300 carbon steel). Due to the similar nature of
the results, only joints for G450 carbon steel are shown here (for G300 steel joints
see Appendix B).

6.5.1

5.0 mm vs. 4.0 mm with 555 HV rivet

To investigate the effect of materials’ thickness on residual stress at first, two
different stack thicknesses of 5.0 mm and 4.0 mm were considered. A 555 HV
rivet with a length of 8.0 and 7.0 mm was used to produce 5.0 mm stack and 4.0
mm stack joints respectively. The die geometry was also different for those joints.
A big die (flat die, 11.0 mm diameter and 2.35 mm deep) was used for 5.0 mm
joint and a comparatively smaller die (flat die, 10.0 mm diameter and 2.1 mm
deep) was used for 4.0 mm joint. The force-displacement curves for these joints
are shown in Fig. 5.5.1. Stresses were measured at 7 different locations and the
corresponding residual stresses are also shown in Fig. 6.5.1.
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Fig. 6.5.1 Transverse residual stress profile depending on the material thickness of
G450 steel joint with 555 HV rivet.

It is clear from Fig. 6.5.1 that the residual stresses on the rivet head (locations 3, 4
and 5) were negligible for the 5.0 joint whereas stresses had a magnitude in the
order of -275 MPa for the 4.0 mm joint. It is also clear from Fig. 6.5.2 that a thick
rivet head was used for the 5.0 joint. Due to this, stresses that were developed
inside the rivet head were not significant for the 5.0 mm joint. It can be observed
from Fig. 6.5.1 that the residual stresses were more compressive toward the rivet
leg for the 5.0 mm joint.
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Fig. 6.5.2 Cross- sections of riveted joint of G450 steel (a) 5.0 and (b) 4.0 mm.

6.5.2

4.0 mm vs. 3.0 mm with 480 HV rivet

To investigate the effect of materials thickness on the residual stress profile, joints
of two different stack thicknesses (4.0 and 3.0 mm) were considered. A 480 HV
rivet with a length of 7.0 and 6.0 mm was used to produce the 4.0 and 3.0 mm
joints respectively. The geometry of the die was also different for those joints. A
big die (flat die, 10.0 mm diameter and 2.1 mm deep) was used for the 4.0 mm
joint and a comparatively smaller die (flat die, 9.0 mm diameter and 2.0 mm deep)
was used for the 3.0 mm joint. The force-displacement curves for these joints are
shown in Fig. 5.5.3. Stresses were measured at 7 different locations and the
corresponding residual stresses are shown in Fig. 6.5.3.
It is clear from Fig. 6.5.3 that a distinctive change in residual stress profile
occurred due to a change in the material thickness. A high value of compressive
stress was observed for the thin joint. Even in the rivet head residual stress was
highly compressive, reached to a value of -650 ± 26 MPa, for the thin joint. This
high value of residual stress could be related with high gradient of force during
the flaring period of the SPR process for the thin joint (Fig. 5.5.3).
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Fig. 6.5.3 Transverse residual stress profile depending on material thickness of
G450 steel joint with 480 HV rivet.

6.6

Effect of rivet hardness on residual stress profile

Rivet hardness plays a very important role on the residual stress profile in SPR
joints. Two different hardnesses of rivet (555 and 480 HV) were considered along
with two different hardnesses of material (G450 and G300 carbon steel) for this
study.

6.6.1

G450 steel

To investigate the effect of rivet hardness on residual stress profile at first, a joint
of G450 steel sheet with total stack thickness of 4.0 mm was considered. A 7.0
mm long rivet was used to produce the joints with two different hardnesses of
rivet (555 and 480 HV). The same die was used due to the same total thickness
(flat die, 10.0 mm diameter and 2.1 mm deep). Stresses were measured at 11
different locations and the corresponding residual stresses are also shown in Fig.
6.6.1. The force-displacement curves for these joints are shown in Fig. 5.6.3 (inset
of Fig. 6.6.1).
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Fig. 6.6.1 Transverse residual stress profile depending on rivet hardness of G450
steel joint.
It is clear from Fig. 6.6.1 that the trend of residual stress was similar for both the
hard and soft rivets. The average magnitude difference was 150 MPa and high
compressive stresses were observed for the hard rivet. High compressive stresses
were observed for hard rivet even on the rivet head (locations 5, 6 and 7). This
high value of residual stress could be related with the high gradient of the force
during the flaring period of the SPR process for the 555 HV riveted joint (Fig.
5.6.3).
6.6.2

G300 steel

Residual stress was further evaluated in a soft material (G300 steel) in order to
understand the effect of rivet hardness on residual stress profile. A 7.0 mm long
rivet was used to produce the joints with two different hardnesses of the rivet (555
and 480 HV). The same die was used due to the same total thickness (flat die,
10.0 mm diameter and 2.1 mm deep). Stresses were measured at 11 different
locations and the corresponding residual stresses are also shown in Fig. 6.6.2. The
force-displacement curves for these joints are shown in Fig. 5.6.2 (inset of Fig.
6.6.2).
266

Residual stress

Chapter 6

Fig. 6.6.2 Transverse residual stress profile depending on rivet hardness of G300
steel joint.

It is clear from Fig. 6.6.2 that the trend of residual stress was similar for both the
hard and the soft rivet except the two extreme positions (locations 1 and 11). At
locations 1 and 11 the magnitude of the residual stress was zero for the hard rivet
which indicates a crack was formed inside the rivet. An extracted rivet from the
joint confirmed the crack (Fig. 6.3.31). However, for the soft rivet these locations
showed a tensile behaviour of residual stress indicated no crack was formed inside
rivet which was verified by the extracted rivet (Fig. 6.3.33). For the case of the
hard rivet, the magnitude of the residual stress (-420 ± 52 MPa) was highest (20%
of the yield strength) at location 2, which was -380 ± 79 MPa in difference with
the soft rivet at the same location. On the rivet head (locations 5, 6 and 7) stresses
were almost similar within the uncertainty during measurement. In the rivet leg
compressive stresses were high for the hard rivet which can be related with high
gradient of force during flaring period of the SPR process for the 555 HV riveted
joint (Fig. 5.6.2).
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Summary

Residual stress measurement was conducted at three different phases. At first a
reproducibility and feasibility test was carried out. It was found that the neutron
diffraction technique can successfully predict the position of the rivet leg inside a
joint.
After the successful completion of the feasibility test by neutron diffraction,
another investigation was carried out to optimize the parameters for meaningful
evaluation of residual stress by minimizing the measurement errors involved in
this technique. An optimum instrument condition was suggested for the residual
stress measurement in SPR joints by neutron diffraction. Typically, 240 and 900
seconds are necessary to achieve error (measurement uncertainty) within the range
of ± 50 µm in sheet material for 1.0 and 0.125 mm3 gauge volumes respectively
while the neutron path length is around 4.0 mm.
The third phase of the residual stress investigation was conducted to evaluate
stress in a family of SPR joints comprising nine different joints by applying the
optimum instrument condition. The behaviours of the sheet material and the rivet
inside a joint were investigated by studying the residual stress profile. The effects
of different process parameters on the residual profiles are discussed. The high
stress was observed for thin and hard joints due to the high force-gradient during
the riveting process. A symmetric residual stress profile was observed for SPR
joints of soft materials due to a negligible effect of the C-frame deflection. It was
observed that neutron diffraction can also detect a crack inside a joint. The
dependency of residual stress profile on rivet hardness is also discussed. It was
evident that the magnitude of residual stress increased with increase in rivet
hardness to a certain limit. Then a zero residual stress was observed due to
cracking.
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7.1

Introduction

Chapter 7

The strength of a SPR joint is primarily determined by the interlock between a
rivet shank and sheet materials [109, 136]. This strength depends on many factors
such as width of a specimen, thickness and properties of sheets, die specifications
(die profile, diameter and depth) and rivet properties (diameter, length and
hardness) [59, 69, 75, 79, 122, 168]. The strength also depends on the loading
conditions, for example, cross-tension and lap-shear [84, 137, 149, 179]. It was
found that cross-tension always gave a lower strength compared with lap-shear. In
order to predict the strength of a SPR joint, Jonsson [248], Porcaro et al. [179,
203] used finite element simulation as a tool, while Sun and Khaleel [136] and He
[171] proposed an analytical approach to predict the strength. Those analytical
methods, used to predict the strength of a SPR joint, required some geometrical
dimensions which can be obtained by physically measuring the cross-section of a
joint. Most of the previous research conducted either in lap-shear or cross-tension
loading condition. Sun and Khaleel [136] mentioned joint strength under coachpeel and lap-shear condition can be related to its cross-tension strength. However,
this relationship formula is unavailable in the open literature. In order to obtain
the strength of a specific SPR joint one needs to examine both loading conditions.
In this study the effect of different process parameters (ply material properties,
rivet hardness and die dimensions) on the static strength of a SPR joint in crosstension and lap-shear loading conditions was investigated systematically. The aim
was to establish a relationship between SPR process parameters (forcedisplacement) and joint strength by using the rivet flaring model (Chapter 5.10)
and to develop a correlation between the strengths in two loading conditions (lapshear and cross-tension) based on the tensile resistance formulae presented in
Euro-code 9 [172] for different failure modes.
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Approach

Nine different combinations of joints (cases A to I in Table 7.2.1) comprised of
three types of thicknesses (5.0, 4.0 and 3.0 mm) and two different hardnesses of
material (G300 and G450 carbon steel with hardness of 198 HV and 270 HV
respectively), and two values of rivet hardness (555 and 480 HV) were considered
for this study. Three different lengths of rivet were used depending on the joint
total thickness: 6, 7 and 8 mm long rivet for 3, 4 and 5 mm joint respectively. A
die with a flat profile was used for all conditions but with a high die recess
volume for the thick joint and a low die recess volume for the thin joint. Five
single point joint specimens were produced for each joining configuration (crosstension and lap-shear) as described in Figs 4.10.1 and 3. The detailed
experimental procedure was described in chapter 4.10. The effective length of the
rivet in the bottom sheet (teff) and the deformed rivet diameter (Dt) were measured
by metallographic cross-sections (Figs 7.2.1 and 2.3.1).

Table 7.2.1 Summary of different joining combinations for static strength
analysis.
Case no.

A

Material

G450
steel

B

C

G300 steel

D

E

G450 steel

F

G

G300 steel

H

I

G450
steel

G300
steel

Thickness of the joint
2.5 + 2.5
2.0 + 2.0
1.5 +1.5
(Top sheet + bottom
sheet, mm)
8
7
6
Length (mm)
Rivet
Hardness
555
480
555
480
480
(HV)
Diameter
11
10
9
(mm)
Flat die
2.35
3.00
2.10
2.00
Depth (mm)
**Equivalent joint
7
8
1
9
10
11
12
13
14
condition in Tables
5.10.1, 3, 6 and 7
Effective length of rivet
3.2
3.04
3.68
2.66
2.44
2.73
2.73
2.25
2.25
in bottom sheet, teff
(mm)
Deformed rivet
7.66
7.6
7.26
7.54
7.72
7.52
7.72
7.4
7.4
diameter, Dt (mm)
** Equivalent joint means they produced under same condition with the same process
parameters
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Fig. 7.2.1 Cross-section of a riveted joint showing the different quality
parameters.

In this chapter, the results obtained for both cross-tension and lap-shear tests using
all of the above conditions are reported first. The effect of ply materials properties
is also discussed. The effect of rivet hardness on the joint strength is also reported
and finally, the effect of die depth on the energy required before the failure of a
joint is analysed. The extension of the rivet flaring model presented in chapter
5.10 to estimate the strength of a riveted joint is examined in chapter 7.8. In the
last section of this chapter, the relationship between cross-tension and lap-shear in
terms of maximum force needed to initiate failure is developed.
All data reported in the subsequent sections are average and standard deviation
values calculated from five repeats.
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Cross-tension and Lap-shear test results

Two types of failure modes were observed here:


Failure mode 1: Pull-out of the rivet from the bottom sheet (Fig. 7.3.1)



Failure mode 2: Tilting and pull-out of the rivet from the bottom sheet and
further pull-out of the rivet head from the top sheet (Fig. 7.3.2)

Fig. 7.3.1 Rivet pull-out (failure mode 1) from the bottom sheet for cross-tension
test.

Fig. 7.3.2 Tilting and pull-out of rivet from bottom sheet with additional rivet
head pull-out from top sheet (failure mode 2) for lap-shear test.
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The cross-tension test repeatedly showed pull-out of the rivet from the bottom
sheet (failure mode 1). However, for thick joints, rivet failure also occurred in
addition to the pull-out of the rivet from the bottom sheet (Fig. 7.3.3). Failure
mode 2 was always encountered in the lap-shear test. Unlike the cross-tension
condition, rivet failure (Fig. 7.3.4) only occurred for thick and hard joints (2.5 mm
thick G450 carbon steel).

Fig. 7.3.3 Rivet failure + pull-out of rivet from the bottom sheet (failure mode 1)
for cross-tension test of thick sheet material (2.5 mm).

Fig. 7.3.4 Rivet failure + tilting and pull-out of rivet from bottom sheet with
additional rivet head pull-out from top sheet (failure mode 2) for lap-shear test of
thick and hard sheet material (2.5 mm G450 carbon steel).
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Test results of the two extreme conditions, Case A (harder and thickest joint) and
Case I (softer and thinnest joint) of Table 7.2.1 are presented below to
demonstrate the reproducibility and general behaviour of the SPR joints. The
results of cases B to H in Table 7.2.1 are presented in Appendix C.
Case A: 2.5 mm + 2.5 mm G450 carbon steel joint with 555 HV rivet
These joints were produced by 8 mm long rivets and a flat die (11.0 mm diameter
and 2.35 mm deep). The results obtained for cross-tension and lap-shear tests are
summarized in Table 7.2.1.A below. Force-displacement curves of the crosstension and lap-shear tests are shown in Fig. 7.3.5.

Table 7.2.1.A The features of cross-tension and lap-shear tests for case A in Table
7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1 + rivet failure

Failure mode 2 + rivet failure

Maximum force : 11.16 ± 0.61 kN

Maximum force : 17.9 ± 0.73 kN

Displacement at maximum force : 12.45 ± 0.55

Displacement at maximum force : 4.34 ± 0.15

mm

mm

Energy (area under the curve) : 92.50 ± 0.90

Energy (area under the curve) : 126.23 ± 0.77

kN-mm

kN-mm

Fig. 7.3.5 Force-displacement curves of 2.5 + 2.5 mm G450 carbon steel sheet
joints (a) cross-tension and (b) lap-shear test for the case A in table 7.2.1.
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Case I: 1.5 mm + 1.5 mm G300 carbon steel joint with 480 HV rivet

Compared to the above Case A, the sheet materials were changed by replacing the
2.5 mm G450 with the 1.5 mm G300 carbon steel. A similar flat die was used
with a low die recess volume (9.0 mm diameter and 2.00 mm deep) and the rivet
length was reduced to 6 mm due to the thin sheets. The results obtained for the
cross-tension and lap-shear tests are summarized in Table 7.2.1.I below. Forcedisplacement curves of the cross-section and lap-shear tests are shown in Fig.
7.3.6.

Table 7.2.1.I The features of cross-tension and lap-shear tests for case I in Table
7.2.1
Cross-Tension

Lap-Shear

Failure mode 1

Failure mode 2

Maximum force :4.69 ± 0.13 kN

Maximum force : 8.33 ± 0.82 kN

Displacement at maximum force : 13.98 ± 1.14

Displacement at maximum force : 2.56 ± 0.02

mm

mm

Energy (area under the curve) : 38.03 ± 1.02

Energy (area under the curve) : 41.13 ± 0.88

kN-mm

kN-mm

Fig. 7.3.6 Force-displacement curves of 1.5 + 1.5 mm G300 carbon steel sheet
joints with 480 HV rivet (a) cross-tension and (b) lap-shear test for the case I in
table 7.2.1.
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It was clear that the force-displacement curves from all cross-tension tests showed
similar patterns whereby three distinctive stages occurred for all conditions. For
example, the force-displacement curve of the 1.5 + 1.5 mm G300 carbon steel
joint (Fig. 7.3.7) shows that during the first stage, the force increased linearly with
the displacement indicating that bending of the sheet materials occurred
elastically. It should be noted that, the five curves in Fig. 7.3.6 showed
reproducible behaviour. Hence, the curve presented in Fig. 7.3.7 is the median
curve in terms of the maximum force among the five curves shown in Fig. 7.3.6
and all the graphs presented in the subsequent sections follow the same criterion.
In the middle stage, plastic bending of the materials occurred and the slope of the
curve was reduced. Hence, the force increased with a much lower gradient.
Finally, the force started to increase again with a higher gradient due to the
resistance to plastic deformation from the sheet material surrounding the rivet leg.
In this case, the flared portion of the rivet tail sheared through the effective length
of rivet in the bottom sheet (Figs. 7.2.1 and 2.3.1) and the joint failed by the pullout of the rivet from the bottom sheet. It is necessary to mention that the
maximum force that is needed to cause failure is dependent on the effective length
of rivet in the bottom sheet (teff) and the deformed rivet diameter (Dt). Lap–shear
test results also showed a similar pattern of force-displacement curves for each
condition.
However, the maximum force was always higher in lap-shear than in the crosstension loading condition for the same joint while the total displacement was
larger in cross-tension than in lap-shear. This is typically shown in Fig. 7.3.8.
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Fig. 7.3.7 Median force-displacement curve of a cross-tension test for 1.5 + 1.5
mm G300 carbon steel joint showing the three distinctive stages.

Fig. 7.3.8 Effect of loading condition on force-displacement curves of 2.5 + 2.5
mm G300 carbon steel joint.
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In general, it was observed that the strength of a SPR joint was highly dependent
on the mode of loading: higher strength was always observed in lap-shear than in
cross-tension. However, in both conditions (lap-shear and cross-tension) the
strength of a joint was greatly dependent on the hardness and thickness of the
sheet materials. The harder and thicker a ply material, the higher is the strength of
a joint in terms of both maximum force and energy. The key points for each
condition of Table 7.2.1 are summarized in Table 7.3.1.

Table 7.3.1 Failure mode, maximum force and absorbed energy for different
cross-tension and lap-shear test conditions of Table 7.2.1.

Case no.

Cross-tension

A
Lap-shear
Cross-tension

B
Lap-shear
Cross-tension

C

D
E
F
G
H
I

Failure mode
Mode 1 + rivet
failure
Mode 2 + rivet
failure
Mode 1 + rivet
failure
Mode 2
Mode 1 + rivet
failure

Maximum
force (kN)

Displacement
at maximum
force (mm)

Energy
absorbed
before failure
(kN-mm)

11.16 ± 0.61

12.45 ± 0.55

92.50 ± 0.90

17.90 ± 0.73

4.34 ± 0.15

126.23 ± 0.77

10.34 ± 1.04

15.66 ± 0.48

97.31 ± 1.20

12.90 ± 0.53

4.07 ± 0.10

98.27 ± 0.95

11.33 ± 1.02

16.67 ± 0.62

125.46 ± 1.41

Lap-shear

Mode 2

14.17 ± 0.83

3.99 ± 0.12

105.11 ± 1.33

Cross-tension

Mode 1

9.78 ± 0.64

15.52 ± 0.64

89.09 ± 0.88

Lap-shear

Mode 2

14.28 ± 0.14

3.99 ± 0.09

102.33 ± 0.22

Cross-tension

Mode 1

9.76 ± 0.24

16.76 ± 0.37

97.19 ± 0.52

Lap-shear

Mode 2

14.35 ± 0.81

3.99 ± 0.07

91.53 ± 1.05

Cross-tension

Mode 1

7.97 ± 0.70

17.22 ± 0.49

83.14 ± 1.13

Lap-shear

Mode 2

11.36 ± 0.31

3.53 ± 0.11

82.31 ± 0.85

Cross-tension

Mode 1

7.32 ± 0.22

15.92 ± 0.34

73.37 ± 0.59

Lap-shear

Mode 2

10.73 ±0.63

3.53 ± 0.06

77.51 ± 1.03

Cross-tension

Mode 1

6.84 ± 0.94

14.23 ± 0.04

56.29 ± 1.31

Lap-shear

Mode 2

10.54 ± 0.71

3.25 ± 0.02

69.10 ± 1.23

Cross-tension

Mode 1

4.69 ± 0.13

13.98 ± 1.14

38.03 ± 1.02

Lap-shear

Mode 2

8.33 ± 0.82

2.56 ± 0.02

41.13 ± 0.88
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7.4

Effect of ply materials’ properties on joint strength

7.4.1

Cross-tension test

The strength of SPR joints is highly dependent on the properties of sheet
materials. The force-displacement curves for the cross-tension tests of 4.0 mm
joints with a 555 HV rivet are shown in Fig. 7.4.1. Two different materials were
used for this examination: G450 and G300 carbon steel. It was clear that the
maximum force was high for the harder material due to a higher rigidity and yield
strength of the ply materials. The maximum force was found to be 22% higher
(9.78 kN) for G450 than G300 carbon steel joint (7.97 kN) while the maximum
displacement was greater for the softer material due to higher ductility. As a
result, the energies required to fail the joints were 89 and 82 kN-mm for the
harder and softer materials respectively. It is apparent from Fig. 7.4.1 that initially
the two joints behaved very similarly due to their identical thickness. However,
after a displacement of 2.90 mm the force started to increase with a higher
gradient for the harder material.

FIg. 7.4.1 Force versus displacement curves for cross-tension tests of a 2.0 + 2.0
mm joint showing different gradients due to material properties.
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The failure mode for the above cross-tension tests was rivet tail pull-out from the
bottom sheet (failure mode 1) and in this case the flared portion of the rivet tail
sheared through the effective length of the rivet in the bottom sheet (teff in Fig.
7.2.1). Hence, the maximum force needed to cause a failure was highly dependent
on the shear yield strength of the ply material. Other factors such as the effective
length of rivet in the bottom sheet and the deformed rivet diameter (teff and Dt in
Fig. 7.2.1) also affected the strength of a SPR joint. Fig. 7.4.2 shows the effect of
material properties on the static strength of a SPR joint for three different
thicknesses.

FIg. 7.4.2 Force versus displacement curves showing the effect of material grade
and thickness on cross-tension static strength

It can be observed from Fig. 7.4.2 that for a 50% increment in the yield strength
of the material the maximum force was increased by 8%, 22% and 45% for 5.0,
4.0 and 3.0 mm thick SPR joints. The effective length of the rivet in the bottom
sheet (teff = 2.25 mm in Fig.7.2.1 and Table 7.2.1) and the deformed rivet diameter
(Dt = 7.4 mm) for a 3.0 mm joint were found to be same for both joints (G300 and
G450). Due to this reason, the joint strength increased with the rate of increase in
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the yield strength of the ply materials. However, in the 4.0 mm joint, the effective
length of the rivet in the bottom sheet was less for the G450 joint (teff = 2.66 and
2.73 for the G450 and G300 joints respectively, Table 7.2.1) while the deformed
rivet diameter was the same (Dt = 7.50 mm). As a result, the strength of the joint
for G450 carbon steel did not increase proportionately with the yield strength. For
5.0 mm joints, the failure mode was different for the G450 joint (rivet failure
observed additionally with failure mode 1), which is why the joint strength was
not increased equitably with the increase in yield strength.

7.4.2

Lap-shear test

In the lap-shear condition, the strength of a joint depends also on the properties of
ply materials. A force-displacement curve of 2.0 + 2.0 mm joints for the two
different materials are shown in Fig. 7.4.3. The maximum force for the G450
(14.28 kN) was found to be 26% higher compared with the G300 carbon steel
joint (11.36 kN).

FIg. 7.4.3 Force versus displacement curves showing the effect of material
hardness for lap-shear test of a 2.0 + 2.0 mm joint.
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The average energies required before failure of the joints were 102 and 82 kN-mm
for G450 and G300 carbon steel sheet respectively, and the failure mode for both
the joints was tilting and pull-out of the rivet from the bottom sheet and further
pull-out of the rivet head from the top sheet (failure mode 2). Initially the two
joints behaved similarly due to the tilting of the rivet and the resistance energy
was mainly from the rivet. However, the two joints started to separate at 0.50 mm
displacement when pull out of the rivet initiated with shearing of the material.
Like the cross-tension, the effective length of the rivet in the bottom sheet and the
deformed rivet diameter also affected the strength of a riveted joint in lap-shear
loading condition. Fig. 7.4.4 shows the effect of material properties on the lapshear static strength of SPR joints of three different thicknesses.

FIg. 7.4.4 Force versus displacement curves showing the effect of material grade
and thickness on lap-shear static strength.

282

Static strength of SPR joints

Chapter 7

The increase in maximum force due to material properties was found to be similar
for all different thicknesses (Fig. 7.4.4). Like the cross-tension condition, the
effective length of the rivet in the bottom sheet (teff) was not the only crucial
factor for lap-shear loading condition; the deformed rivet diameter (Dt) was also
another crucial factor. In general, it was observed that the effective material
thickness (teff) was high when the deformed rivet diameter (Dt) was low. The
energy was mainly dependent on the deformed rivet diameter and the pull out
strength was mainly characterized by the effective material thickness. As a
combination of the three factors (effective length of the rivet in the bottom sheet,
the deformed rivet diameter and material properties) the increase in maximum
force was about 30% for the above riveting condition.
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7.5

Effect of ply materials’ thickness on joint strength

7.5.1

Cross-tension test

A joint strength is dependent on the thickness of the ply materials for the crosstension test. The force-displacement curves of various joint stacks for G300
carbon steel joints are shown in Fig. 7.5.1 (for G450 carbon steel see Appendix
C).

Fig. 7.5.1 Force versus displacement curves showing the effect of material
thickness on the cross-tension static strength of G300 carbon steel joints.

It is clear from Fig. 7.5.1 that the displacement for elastic bending for each case
was similar due to the same material. However, the plastic bending and yielding
of material varied for different thicknesses due to stiffness. The maximum forces
were 10.34, 7.97 and 4.69 kN for 5.0, 4.0 and 3.0 mm joints respectively (Table
7.3.1). An increase in joint thickness needed a longer rivet to be used which
ultimately affects the quality of a joint such as deformed rivet diameter and also
the effective length of the rivet in the bottom sheet. Thus, for a 33% and 67%
increase in thickness (from 3.0 to 4.0 and 5.0 mm) the maximum force increased
by 70% and 120% respectively. The displacements before complete failure were
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14.3, 16.8 and 15.5 mm for 3.0, 4.0 and 5.0 mm joints respectively. The
displacement for the 5.0 mm joint was low due to a different failure mode (rivet
failure observed additionally with the pull-out of the rivet as shown in Fig. 7.3.3).

7.5.2

Lap- shear test

The joint strength in the lap-shear condition also depended on the thickness of the
ply materials. The force-displacement curves of G300 carbon steel for various ply
material thicknesses are shown in Fig. 7.5.2 (for G450 carbon steel, see Appendix
C).

Fig. 7.5.2 Force versus displacement curves showing the effect of material
thickness on the lap-shear static strength of G300 carbon steeljoints.
It is clear from Fig. 7.5.2 that the maximum force increased with the increase in
joint thickness. The forces were 14.2, 11.3 and 8.3 kN for 5.0, 4.0 and 3.0 mm
joints respectively. The joint strengths increased by 35% and 70% for a increases
in thickness of 33% and 66% respectively. All the above joints showed similar
failure mode. Thus the force increased proportionately with an increase in
thickness.
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Force-displacement curves for the cross-tension test of 2.0 + 2.0 mm G450 carbon
steel sheet are shown in Fig. 7.6.1 (same graph for G300 carbon steel, see
Appendix C).

Fig. 7.6.1 Force-displacement curves for a 2.0 + 2.0 G450 carbon steel sheet joint
in cross-tension condition.

It was clear that the two joints behaved identically during the elastic bending of
the sheet material. However, a small increase in the force was observed for the
joint with the softer rivet. This was due to the higher deformed rivet diameter (Dt
= 7.72 and 7.54 mm for 480 and 555 HV rivet respectively, Table 7.2.1). The
failure mode for both joints was rivet pull out from the bottom sheet (failure mode
1), which occurred mainly by shear failure of the material. Therefore, rivet
hardness (for the range of HV examined) does not appear to be a critical factor for
joint peel strength.
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Lap-shear test

Force- displacement curves for the lap-shear condition of 2.0 + 2.0 mm G450
carbon steel sheet are shown in Fig. 7.6.2 (same graph for G300 carbon steel, see
Appendix C). It is evident from Fig.7.6.2 that the maximum force was higher for
the harder rivet (14.35 and 14.28 kN for 555 and 480 HV rivets respectively,
Table 7.3.1). In the lap-shear condition initially the energy was absorbed by the
rivet while tilting of rivet occurred, so it was easy to deform the sheet material for
the harder rivet. Initially the force was high for the same amount of displacement
for the softer rivet. However, the effective length of the rivet in the bottom sheet
(teff = 2.66 and 2.44 mm for G450 and G300 joint respectively, Table 7.2.1) was
higher for the 555 HV rivet and due to this aspect, the maximum force was also
high. Though the hardness of the rivet was increased by 15%, the maximum force
was increased by only 0.4%. It can be concluded that the rivet hardness (within
the range of HV examined) played an insignificant role in terms of the joint
strength.

Fig. 7.6.2 Joint strength depending on rivet hardness for a 2.0 + 2.0 mm G450
carbon steel sheet joint in lap-shear condition.
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7.7.1

Cross-tension test

Chapter 7

Die depth plays an important role on the effective material thickness (teff) of a
SPR joint which ultimately leads to a high force for the static condition. Forcedisplacement curves for the cross-tension condition of 2.5 + 2.5 mm G300 carbon
steel joints are shown in Fig. 7.7.1. It was clear that the force was high (11.33 kN)
for the 3.0 mm deep die and low (10.34 kN) for the 2.35 mm deep die. This was
mainly due to the effective material thickness (teff = 3.68 and 3.04 mm for the 3.0
and 2.35 mm deep dies respectively, Table 7.2.1). Thus, a deep die should be used
if possible. However, it was observed that a deep die can also lead to cracking of
hard material with low elongation (see chapter 5.2). So, extreme care should be
taken when selecting a proper die for a given set of riveting parameters (ply
material thickness and hardness, rivet length and hardness).

Fig. 7.7.1 Force versus displacement curves showing the effect of die depth on
joint strength for the cross-tension test of 2.5 + 2.5 mm G300 carbon steel sheet.
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Lap-shear test

The force-displacement curves for the lap-shear condition of 2.5 + 2.5 mm G300
carbon steel joints with different die depths are shown in Fig. 7.7.2. Like the
cross-tension condition, the force was also high for the 3.0 mm deep die in this
condition. Though the deformed rivet diameter was higher for the 2.35 mm deep
die (Dt = 7.6 and 7.26 mm for the 2.35 and 3.0 mm deep dies respectively, Table
7.2.1), the force recorded was lower due to the lower effective material thickness
(teff = 3.04 mm). From this result, it is possible to conclude that the effective
material thickness should be included as a quality parameter for a riveted joint
whereas most literature had reported only the deformed rivet diameter as a quality
parameter [69, 91, 122, 136].

Fig. 7.7.2 Force versus displacement curves showing the effect of die depth on
joint strength for the lap-shear test of 2.5 + 2.5 mm G300 carbon steel sheet.
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Extension of rivet flaring model to joint strength
estimator

A rivet flaring model was developed in chapter 5.10, where it was shown that the
deformed rivet diameter (Dt) can be calculated by using an empirical equation
(equation 5.6). Three different inputs were taken in that equation. Firstly, two
empirical coefficients depending on rivet hardness and length, secondly, physical
geometrical parameters such as thickness of the top and bottom sheets, rivet
diameter and die parameters (diameter and depth) and finally, relative punch
displacement before (d0) and after flaring (dmax) from the characteristic forcedisplacement curve (Fig. 5.10.1) were used. It was observed that the rivet flaring
model can successfully predict the rivet flaring (deformed rivet diameter) albeit
the simple nature of that equation.
It was clear from the previous section (chapter 7.5) that the joint strength under
cross-tension directly depends on the material thickness. Sun and Khaleel [136]
studied the rivet joint and proposed an empirical equation to estimate the static
strength of joint assuming that the rivet periphery was under perfect axisymmetric
loading just before the failure. They also assumed that sufficient interlock was
achieved during the riveting process. Equation (7.1) is their proposed equation for
rivet tail pull out.

0.7

(7.1)

where FCT is the joint strength for tail pull-out failure. Dt is the deformed rivet
diameter and teff is effective length of the rivet in the bottom sheet. ƞt is the
empirical coefficient of material degradation due to the piercing process for the
tail side (ƞt = 0.6 if the elongation is >9% and ƞt = 0.5 for materials having
elongation <9%). βt is an empirical coefficient of the sheet bending induced
thickness reduction for the tail side materials (βt=1 for t2>1.5 mm and βt ≅0.8 for
t2

1.5 mm, see Fig. 7.2.1). σt is the yield strength of the sheet material.
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The above equation can be useful for the preliminary design of the joint
parameters, by which the strength of a joint can be predicted. It should be noted
that the above strength estimator highly depends on the measurements of very
small dimensions of deformed rivet diameter (Dt) and effective material thickness
(teff) as shown in Fig. 7.2.1. Accurate sectioning and adequate specimen
preparation are also required to get precise measurements. A small error on any of
the above in the process of measurement can lead to a very big error on the
estimation of the joint strength. For the tail pull out strength in equation 7.1, two
factors are unknown unless the rivet cross section is available: teff and Dt. The
purpose of this study is to eliminate the need for having a cross-section of a joint
to measure these geometrical values. Since the riveting process requires no
piercing through the bottom sheet, the deformed rivet diameter (Dt) and the
effective material thickness (teff) can be approximated by the following equations
with the help of the rivet flaring model, provided good interlock has been
achieved:

2

(7.2)

(7.3)

where Rr is the undeformed rivet shank radius and x is the rivet flaring calculated
by using equation 5.6 in section 5.10. t2 is the bottom sheet thickness and h is the
depth of the die (see Figs. 7.2.1 and 5.10.8).
Substituting values of Dt and teff from equations 7.2 and 7.3 respectively, equation
7.1 can be rewritten in the following form.

0.7

2

(7.4)
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For a given die and rivet, die depth (h) and rivet radius (Rr) are known. For a
given joint, the top sheet thickness (t1) and bottom sheet thickness (t2) are also
known, and rivet flaring (x) can be calculated by equation 5.6. Thus equation 7.4
eliminates the need for experimental measurements.
Nine different experimental cases were considered to demonstrate and validate the
above strength estimator, comprising two different hardnesses of materials and
rivet, three types of thicknesses of materials and four levels of die depths (Table
7.2.1). In this experiment the same value of the empirical coefficients for material
thickness (βt) and degradation due to the piercing process (ƞt) were used from Sun
and Khaleel [136] as the materials are of similar elongation and thickness. The
rivet radius (Rr = 2.75 mm) was the same for all experiments. An example
calculation of joint strength for case A in Table 7.2.1 is given below and the
calculated joint strengths for all the cases are summarized in Table 7.8.1.

Case A: The yield strength of the material was σt = 450 MPa. The geometrical
factors were: Rr = 2.75 mm, h = 2.35 mm, t2 = 2.5mm and rivet flaring (x = 1.19
mm, from condition 7 in Table 5.10.7) as determined by equation 5.6. Equation
7.4 produces

0.7
2.5

.

0.7

2
.

3.14

2

2.75

1.19

450

0.5

12,002

1
12.08

The experimentally measured joint strength was found to be 11.16 ± 0.61 kN.
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Table 7.8.1 Joint strengths for all cases in Table 7.2.1
Bottom

Yield
Case
no.

strength

Die

sheet

of bottom

depth, h

thicknes

sheet, σt

(mm)

s, t2

(MPa)
A
B
C
D
E
F
G
H
I

450
300
300
450
450
300
300
450
300

Calculated Measured
**Rivet flaring,

joint

joint

x (mm)

strength,

strength

FCT (kN)

(kN)

(mm)
2.35
2.35
3.00
2.10
2.10
2.10
2.10
2.00
2.00

2.5
2.5
2.5
2.0
2.0
2.0
2.0
1.5
1.5

1.19
1.13
0.86
0.79
1.11
0.80
1.25
0.95
0.90

12.08
9.54
10.19
9.29
9.52
7.44
7.67
5.92
4.73

11.16 ± 0.61
10.34 ± 1.04
11.33 ± 1.02
9.78 ± 0.64
9.76 ± 0.24
7.97 ± 0.70
7.32 ± 0.22
6.84 ± 0.94
4.69 ± 0.13

** The value of rivet flaring was taken from Tables 5.10.3 and 7.
Considering the simple nature of equations 5.6 and 7.4, a reasonably good
correlation was obtained between experimental and predicted strengths. A
comparison between the calculated and measured joint strengths is shown in Fig.
7.8.1.

Fig. 7.8.1 Comparison of calculated and average measured joint strength in crosstension loading condition.
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It was observed that almost all of the calculated joint strengths fall within 10% of
the respective measured joint strength. This joint strength estimator highly
depends on the rivet flaring model and estimation of effective rivet thickness (teff).
The rivet flaring model could be improved by considering the path of the rivet tip
as a parabola rather than a straight line, as discussed in chapter 5.10. It is believed
that the effective rivet thickness (teff) could be estimated from the characteristic
force-displacement curve by identifying the exact point when the rivet finishes the
piercing of the top sheet. However, the above estimator was simple in nature and
could be used as a very important tool in industrial practice.

7.9

Relation between cross-tension and lap-shear condition

In the previous chapter an analytical method to calculate the strength of the crosstension loading condition was developed. However, the joint strength depends on
other loading conditions such as lap-shear. The lap–shear loading condition is
heavily used in industrial practice along with the cross-tension condition to
demonstrate the strength of a riveted joint. Sun and khaleel [136] mentioned joint
strength under the lap-shear condition can be connected to its cross-tension
strength but the relationship between these loading conditions was not published.
In general, it is well known that the strength of a joint under the lap-shear
condition is generally higher than that for the cross-tension condition. The
purpose of this study is to develop a relationship between the above two loading
conditions.

7.9.1

Developing the relation

SPR is a cold forming process and Eurocode 9 allows the design of cold-formed
joints to be assessed by theoretical models [172]. However, no recommendations
were available for self-piercing riveting in the Eurocode 9 (prEN1999-1-4). The
design formula was only available for blind rivets. Considering the similarity of
the failure mode (tail pull-out), two equations were proposed. For the crosstension loading condition (failure mode 1), the equation was developed based on
294

Static strength of SPR joints

Chapter 7

the pull-out resistance and for the lap-shear loading condition (failure mode 2),
the equation was developed based on the bearing resistance of the rivet. The
equations are as follows:

(7.5)

(7.6)

where FCT and FLS are the maximum force for the cross-tension and lap-shear
loading conditions respectively. σ is the yield strength of the material. Dt and teff
are the deformed rivet diameter and the effective length of the rivet in the bottom
sheet respectively. αCT and αLS are the empirical coefficients for the cross-tension
and lap-shear conditions respectively.
By dividing equation 7.6 with equation 7.5 the expression for the maximum force
for the lap-shear condition becomes:

(7.7)

The relationship between the cross-tension and lap-shear conditions was
developed through the equation 7.7. For a given joint, the deformed rivet diameter
(Dt) and the effective length of the rivet in the bottom sheet (teff) are known. If the
empirical coefficients αCT and αLS are also known, then the strength measurement
is needed only in one condition and the strength for the other condition can be
calculated by equation 7.7.
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Determination of coefficients αCT and αLS

The coefficient αCT was found from equation 7.5 by replacing FCT with the
experimentally obtained values for the cross-tension condition and the coefficient
for the lap-shear condition (αLS) was found from equation 7.6 by using the
experimental FLS values. Four different joining conditions were considered to
determine the above coefficients, comprising two types of hardness of materials
and two levels of rivet hardness (cases D, E, F and G in Table 7.2.1). The
calculation of the constants for the cross-tension and the lap-shear is shown below
and the values for different cases are summarized in Table 7.9.1.

Case D: The yield strength of the material was 450 MPa. The geometrical factors
were: x = 0.79 mm (condition 9 in Table 5.10.7) and teff

=

2.66 mm. The

experimentally obtained forces were: FCT=9.78 ± 0.64 kN and FLS= 14.28 ± 0.14
kN. Equations 7.2, 7.5 and 7.6 produced the αCT1 and αLS1 as follows:

Deformed rivet diameter Dt= 2 x (Rr + x) = 2 x (2.75 + 0.79) = 7.08
Constant for cross-tension,

9.78
450

10

10

7.08

10

10

14.28 10
7.08 10

2.66

1.89

10

Constant for lap-shear,

450

2.66

10

1.69
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Table 7.9.1 Constants for cross-tension and lap-shear loading for the different
cases in Table 7.2.1
Yield
Case
no.

strength

**Rivet

of bottom

flaring,

sheet, σt

x, (mm)

(MPa)
D
E
F
G

450
450
300
300

0.79
1.11
0.80
1.25

Deformed

Effective

Constant

Constant

rivet

length of rivet

for cross-

for lap-

diameter,

in bottom

tension,

shear,

Dt (mm)

sheet, teff (mm)

αCT

αLS

7.08
7.72
7.10
8.00

2.66
2.50
2.65
2.43

1.89
1.98
2.31
2.28

1.69
1.66
2.01
1.84

** The value of rivet flaring was taken from Table 5.10.7.

The coefficients for the cross-tension (αCT) and lap-shear (αLS) conditions were
determined by the average of the above calculated coefficients.

Coefficient for cross-tension,

= 2.11 ± 0.21

Coefficient for cross-tension,

= 1.80 ± 0.16

7.9.3

Prediction of strength for lap-shear condition by equation 7.7

The coefficients αCT and αLS from the experimental measurement were needed to
verify equation 7.7. Five different joining conditions were considered sufficient to
validate equation 7.7, comprising two values of thickness and hardness of
materials, and with two different values of hardness of the rivet (cases A, B, C, H
and I in Table 7.2.1). The calculations for case A is shown below and the
experimental and calculated joint strengths for all the conditions are summarized
in Table 7.9.2. The strengths for cases D-G in Table 7.2.1 were back calculated
again by using the coefficients αCT and αLS.
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Case A: The geometrical factors were: x =1.19 mm (condition 7 in Table 5.10.7)
and teff

=

3.08 mm. The experimentally obtained force for the cross-tension

condition was: FCT=11.16 ± 0.61 kN. Equations 7.7 becomes

1.80
2.11
15.18

0.16
0.21

7.88
3.08

11.16

0.82

The experimentally measured joint strength for the lap-shear condition was found
to be 17.90 ± 0.73 kN.

Table 7.9.2 Lap-shear joint strength for different cases in Table 7.2.1

Case
no.

A
B
C
D
E
F
G
H
I

**Rivet
flaring, x,
(mm)

1.19
1.13
0.86
0.79
1.11
0.80
1.25
0.95
0.90

Deformed
rivet
diameter,
Dt (mm)
7.88
7.76
7.22
7.08
7.72
7.10
8.00
7.40
7.40

Effective length of

Calculated

Measured

rivet in bottom

joint

joint

sheet calculated by

strength

strength

equation 7.3, teff

(kN)

(kN)

15.18 ± 0.82
13.89 ± 1.38
13.70 ± 1.23
13.6 ± 0.30
14.6 ± 1.30
11.1 ± 0.53
11.3 ± 0.92
11.12 ± 1.52
7.52 ± 0.21

17.90 ± 0.73
12.90 ± 0.53
14.17 ± 0.83
14.28 ± 0.14
14.3 ± 0.81
11.36 ± 0.31
10.73 ± 0.63
10.54 ± 0.71
8.33 ± 0.82

(mm)
3.04
3.11
3.57
2.66
2.50
2.65
2.43
2.03
2.05

** The value of rivet flaring was taken from Tables 5.10.3 and 7.
It was observed that the equation 7.7 gives a reasonable prediction of strength for
the lap-shear condition. A comparison between the predicted and experimented
strengths for the lap-shear condition is shown in Fig. 7.9.1.
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Fig. 7.9.1 Comparison between predicted and measured joint strengths for the lapshear loading conditions for the nine different cases as tabulated in Tables 7.9.1
and 2.
It is clear from Fig. 7.9.1 that the equation 7.7 relates the joint strength between
lap-shear and cross-tension with less than 8% error. Case E showed a significant
discrepancy between the predicted and measured strengths. It should be noted that
the failure mode in the lap-shear condition for case E was different from the other
eight cases. The failure mode was tilting and pull-out of the rivet from the bottom
sheet and pull-out of the rivet head from the top sheet (failure mode 2) for cases
B-I as tabulated in Table 7.2.1. However, for ‘case E’ rivet failure occurred
additionally with the failure mode 2. Thus, a big difference between the calculated
and measured strengths was observed for this case. Discrepancy also observed for
cases C, D, F and G due to the averaging of the co-efficient for lap-shear
condition (αLS). It should be noted that while determining the coefficients for the
cross-tension and lap-shear conditions, the joints were chosen with 2.0 mm thick
sheet. However, equation 7.7 was validated for completely different thickness
combinations. This demonstrates the scenario that the coefficients are not
dependent on the material thickness. The coefficients were also independent of
material properties. However, the coefficients (αCT and αLS) were strictly related to
the parameters studied in this investigation (rivet and die geometry) and cannot be
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generalized. Still, the developed relationship between the cross-tension and lapshear conditions represents a useful reference to be considered for further studies
especially for different rivet and die geometries.

7.10

Summary

A systematic investigation was conducted on the static strength of a single point
SPR joint in the cross-tension and lap-shear loading conditions depending on
different process parameters. The failure mode depends on the loading condition.
Rivet pull-out was the main failure mode in cross-tension and rivet pull-out with
tilting of rivet was the main failure mode for lap-shear loading. Additionally, rivet
failures tend to occur for thick and hard sheet material in both loading conditions.
The joint strength increases non-proportionally with increased hardness and
thickness of materials for all loading conditions as other factors like rivet flaring
and effective length of the rivet in the bottom sheet (teff) also influence the joint
strength. The depth of the die plays a significant role in the deformation behaviour
of the material. As a result, the effective length of the rivet in the bottom sheet
(teff) was high for a die with a high depth which ultimately increases the joint
strength.
The extension of the rivet flaring model (equation 7.4) can be used effectively to
predict the joint strength in cross-tension loading and the joint strength under lapshear loading. Equation 7.7 successfully links the joint strength with the
characteristic force-displacement curve. The developed relationship represents a
useful reference to be considered for further studies especially for different rivet
and die geometries.
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DISCUSSION AND GUIDANCE FOR INDUSTRY

A series of interrupted tests was conducted in this project to understand the
deformation behaviour of the rivet and sheet material in the SPR process. The
results of interrupted tests confirm that the force-displacement curve can be
segmented in four stages: stage I – bending of the sheet and partial filling of the
die, stage II – piercing of the top sheet and sheet bending, stage III – die filling,
penetration of the rivet into the bottom sheet, stage IV – rivet flaring, thinning of
the bottom ply and rivet setting (Fig. 5.9.1).
Different process parameters have significant impact on the different stages. The
thickness and hardness of the sheet materials have the most significant influence
on stage I of the characteristic force-displacement curve. Stage II mainly depends
on the thickness of the top sheet. The force is almost constant during this stage.
Die depth is also crucial. A deeper die may introduce an early drop in force which
indicates a crack (Figs. 5.2.1-6). This information is very useful for the industry
for choosing an optimum die.
Stage III provides information about penetration of the rivet in the bottom sheet
(teff in Fig. 2.3.1). A good SPR joint should have sufficient rivet penetration in the
bottom sheet. The rivet wall remains straight during this stage (Figs. 5.1.1-16). At
the end of this stage a sudden rise in force indicates the start of rivet flaring. An
early rise in force indicates rivet bulging (Figs. 5.7.5-8). A too early rise in force
would indicate that the rivet had flared in between the top and bottom sheets. If a
short rivet is used no rise in force would be observed. The industry may use this
information to choose the optimum rivet parameters (hardness and length) and die
geometry.
The amount of rivet flaring, which is ultimately related to the strength of the joint,
can be estimated from stage IV: the longer this step is, the greater is the extent of
rivet flaring (Chapter 5.10). The path of the rivet tip during flaring can be
considered as a straight line (Fig. 5.10.7). The rivet hardness and geometry of the
rivet tip mostly affects this stage: the higher the rivet hardness, the shorter is the
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length of this step for a given geometry of the rivet. This information can be used
to develop new rivet geometry.
The thinning of the bottom ply occurs in stage IV. A long stage IV denotes more
thinning of the bottom sheet. A good joint should have minimum bottom
thickness (b in Fig. 2.3.1). The interrupted test shows that the thinning of the
bottom ply follows the geometry of the rivet tip. This information is useful while
designing the new rivet.
A rivet flaring model is developed in chapter 5.10. A very good correlation exists
between the experimental and the predicted rivet flaring (Figs. 5.10.9 and
5.10.13). In practice, it is very easy to pick up the displacement (dmax-d0) and for
an operator to determine whether the joint is good or bad in terms of rivet flaring.
Two empirical coefficients were defined depending on the rivet hardness and
length. No coefficient was considered for the sheet material properties because the
material properties are embedded in the force-displacement curve. This equation
(equation 5.6) can be used as a good tool to predict rivet flaring without the need
for a metallographic cross-section. The rivet flaring calculator can also be used to
improve and optimize an SPR joint for a given material and thickness
combination in industrial practice. The empirical coefficients used in this equation
may provide useful guidance to design new rivets. Again, this force-displacement
curve can be used not only for the validation of FEM model but also can used
along with FEM model to predict and optimize the SPR process.
High compressive residual stress is observed in the rivet leg for hard material
(Chapter 6.4). A significant deviation in compressive stress occurred in the rivet
head due to change in hardness of the material. Residual stress in the rivet head
also depends on the web thickness (W in Fig. 2.3.1) of the rivet (Figs. 6.5.1-2).
This information is useful for designing a new rivet. The dependency of the
residual stress profile on rivet hardness was discussed in chapter 6.6. High
residual stress was observed in both the rivet head and the leg for harder rivets
(Figs. 6.6.1-2). Multiple cracks were observed in harder rivets and fewer cracks
were observed in softer rivets while joining 2 + 2 mm G450 steel (Figs. 6.3.27 and
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6.3.29). No crack was observed in a 480 HV rivet for joining of 2 + 2 mm G300
steel, whereas a 555 HV rivet showed cracks (Figs. 6.3.31 and 6.3.33). So it is
necessary to use softer rivets provided the hardness of the rivet is sufficient to
pierce the top sheet. This information is useful for industry while choosing the
hardness of the rivet for a given combination of materials.
The effects of material properties and thickness are discussed in chapters 7.4 and
7.5. It is clear that the joint strength increased with an increase in hardness and
thickness of sheet materials in both the cross-tension and the lap-shear loading
conditions (Figs. 7.4.2 and 7.4.4). The joint strength also increased with the
increase in die depth (figs. 7.7.1-2). However, a deep die may create a crack in the
joint as discussed in chapter 5.2. Hence, the die depth should be chosen as deep as
possible unless it leads to cracking in the rivets or sheets. The industry can use
this information to optimize the die for a given combination of material. From
chapter 7.3 it is observed that the rivet hardness does not have a direct influence
on the joint static strength (Figs. 7.6.1-2). However, from chapter 6.6 it is clear
that a harder rivet may experience a number of cracks inside the rivet for a given
combination of materials compared with a soft rivet. These cracks may have
significant impact on the fatigue strength of the SPR joints. So, a softer rivet
should be used in the application of SPR where ever possible.
The extension of the rivet flaring model can predict the joint strength within 10%
error as discussed in chapter 7.8 (Fig. 7.8.1). The prediction of the deformed rivet
diameter is made by equation 7.2, which is dependent on the accuracy of the rivet
flaring model. Another simple prediction of effective rivet thickness (teff in Fig.
2.3.1) is determined empirically. It is believed that most of the error comes from
the prediction of effective rivet thickness. However, despite the simple
relationship the model can predict the joint strength with minimum error.
A relationship between the lap-shear and cross-tension loading conditions is
developed in chapter 7.9. The joint strength in the lap-shear condition is predicted
from the joint strength in the cross-tension loading condition. The empirical
relationship is developed from the design formula proposed in Eurocode 9 [172]
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and it was observed that the predicted joint strengths are within 8% error. This
formula can be used by industry to assess the joint strength preliminarily, which
will save a lot of effort required to measure the strength in the lap-shear loading
condition.
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Chapter 9

CONCLUSIONS AND FURTHER WORK

The project has shown that the deformation characteristics of the rivet and sheet
materials can be evaluated from the force-displacement curve. The main
objectives of this thesis were:


To investigate the effect of different riveting process parameters on the
deformation behaviour of the SPR process by examining the forcedisplacement curve.



To examine the residual stress distribution in the rivet and surrounding
sheet material for a range of joints produced by changing the material
thickness and hardness, rivet hardness and die geometry.



To examine the joint strength in static loading conditions based on several
different process variables.



To develop a technique to predict the rivet flaring without the need for
cross-section metallography and to develop a relationship between the
different loading conditions for static strength.

9.1

Deformation behaviour by characterizing the riveting
process

The characterization of the riveting process is examined by a series of interrupted
tests. The deformation behaviour of the rivet and material is understood by
analysing the force-displacement curve and by examining each interrupted joint
by standard optical microscopy and quantitative metallography. The following
conclusions are made within the process parameters studied in this report:
 Any change in process parameter leaves a fingerprint on the characteristic
force-displacement curve.
 C-frame deflection occurs in all stages of the riveting process.
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 The length of the first stage of the force-displacement curve shows the
stiffness of the stack and this length decreases with the increase in material
hardness and thickness. An increase in rivet hardness also decreases the
length of this stage. However, the force developed in this stage is
independent of the rivet hardness.
 The force remains constant during the piercing stage of the riveting
process for a given combination of materials. The force level changes with
the material’s hardness and thickness. A high force level is experienced for
a hard and thick joint. Sometimes an increase in force is observed when
the bottom sheet touches the die bottom surface during this stage. The
touch point of the bottom sheet surface mainly depends on the material’s
thickness and die depth. Again, depending on the joint combination, a drop
in force is experienced during this stage due to the spring-back of top
sheet; a gap is created between the two sheets due to the different bending
force experienced by two different sheets.
 The displacement experienced during the piercing stage depends mainly
on the thickness of the top sheet and other parameters have a little
influence.
 A rapid drop in force is observed at the end of the piercing stage when
hard or thick material is used as the top sheet, but is not easily detected for
thin material. Sometimes the bottom sheet touched the die bottom surface
at the same time when the rivet completes the piercing of the bottom sheet
depending on the material properties and die geometry. For these cases, no
drop in force is observed at the end of the piercing stage of the riveting
process.
 Die geometry significantly changes the stage III of the characteristic curve,
with the length of this stage increasing with an increase in die volume. The
starting of stage III is also affected by die depth, a deeper die delays the
start of stage III. Sometimes cracks also developed especially for less
ductile material when the die is too deep to initiate the third stage. Rivet
hardness also influences this stage: the harder the rivet, the longer is this
step which results in less flaring and small bottom thickness.
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 The final stage of the curve gives an idea about the flaring of the rivet
inside the joint. A longer fourth stage indicates more flaring and hence a
better interlocked joint. An increase in rivet hardness would shorten this
stage and reduce the amount of flaring.
 The prediction of rivet flaring is possible without the need for
metallographic cross-sections of joints by using equation 5.6. This
equation relates the fourth and final stage of the characteristic forcedisplacement curve to the rivet flaring.
 The overall total displacement of the characteristic curve is directly related
with material thickness and rivet length. The maximum force is dependent
on the pre-set rivet-setting pressure and also on the joint design
parameters.

9.2

Residual stress

The residual stress examination was conducted in three different stages. For the
first stage, a reproducibility and feasibility test was conducted. The next stage of
the experiment was optimizing parameters for making meaningful evaluations of
residual stress. The final stage of the experiment was to evaluate the residual
stress profile in different SPR joints using the optimum condition developed in the
previous stage. The aim of the final stage of the residual stress evaluation was to
examine the effect of material hardness and thickness, and rivet hardness on the
residual stress profile. The following conclusions can be drawn from the residual
stress examination:
 The neutron diffraction technique successfully evaluates the position of
the rivet leg after flaring in a joint, without the need to cross-section. This
ultimately validates the feasibility of the residual stress evaluation.
 Stresses in the sheet material adjacent to the rivet wall and at a distance of
three times the rivet radius from the rivet axis were not significant.
 Typically, 240 and 900 seconds acquisition times were necessary to
achieve error (measurement uncertainty) within the range of ±50 µm in
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sheet material for 1.0 and 0.125 mm3 gauge volume respectively, while the
neutron path length was around 4.0 mm.
 The detection time while evaluating the d-spacing inside a rivet should be
increased to maintain the same measurement error with the same neutron
path length due to the different diffraction peaks from the tetragonal
material of the rivet (the peak is very close to the d-spacing 211 but not the
same): 600 and 1500 seconds for 1.0 and 0.125 mm3 gauge volume
respectively.
 The magnitude of the compressive residual stress in the rivet was high for
hard material. On the other hand, the magnitude of the stress was low for
thick sheet material. This is attributed to the low gradient of force during
the final stage of the force-displacement curve.
 An increase in rivet hardness results in an increase in the magnitude of the
residual stress. However, residual stress towards the rivet leg increases up
to a certain limit. When a zero residual stress is observed, this indicates a
crack has developed inside the rivet. The hypothesis is verified by the
extracted rivet. Multiple cracks were observed for a hard rivet in hard
sheet materials joints. The number of cracks decrease for the hard rivet in
soft material, and no crack was observed for a soft rivet in a soft material.
The use of a soft rivet is suggested wherever possible.
 The residual stress profile is more symmetrical when a soft material is
joined by SPR due to the negligible effect of the C-frame deflection.
 Residual stress in the rivet head depends on the web thickness of the rivet.
The greater the web thickness of the rivet, the lesser the magnitude of the
residual stress on the rivet head.
 The deformation behaviour of the material flow inside the die cavity can
be examined by the residual stress profile. A tensile residual stress was
observed in the material inside the joint button.
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Static strength

The following conclusions are drawn from the static strength experiment:
 First of all the static strength depends on the loading condition. The
strength was much higher in the lap-shear compared with the cross-tension
loading condition.
 The failure mode also depends on the loading condition. Rivet pull-out
was the main failure mode in cross-tension, and rivet pull-out with tilting
of rivet was the main failure mode for lap-shear loading. Additionally,
rivet failures tend to occur for thick and hard sheet material in both
loading conditions.
 In each loading condition, the joint strength increases with increased
hardness and thickness of materials. However, the increase in strength
does not have a linear relationship with the hardness and thickness of
materials. Other factors like rivet flaring and effective length of the rivet in
the bottom sheet (teff) also influence the joint strength.
 The effect of rivet hardness on the static strength of the joint in both
loading conditions was not significant. However, for the hard rivet high
residual stress was observed and cracks also developed in the rivet, which
may influence the fatigue strength of the joint.
 The depth of the die plays a significant role in the deformation behaviour
of the material. As a result, the effective length of the rivet in the bottom
sheet (teff) was high for a deeper die which ultimately increases the joint
strength.
 The extension of the rivet flaring model (equation 7.4) can be used
effectively to predict the joint strength in cross-tension loading. Despite
the simple nature, the equation can predict the joint strength within 10%
error.
 A relationship is developed to predict the joint strength under lap-shear
strength from its strength in cross-tension with less than 8% error
(equation 7.7). The developed relationship represents a useful reference to
be considered for further studies especially for different rivet and die
geometries.
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Further research

Based on the knowledge developed during this study the following principal areas
of work could be explored:
 Further analysis of the deformation behaviour of the SPR process for
dissimilar materials by interrupted tests.
 Additional study of the rivet flaring model for a wider range of SPR joints
including dissimilar materials such as aluminium and magnesium. The
model can be extended beyond 2-ply joints for 3 and 4-ply joints.
 Throughout this project the spatial resolution of the residual stress
evaluation was limited and the gauge volume was also limited to 0.125
mm3, so residual stress evaluation was only possible for joints produced
with thick walled rivets (1.1 mm), but in practice, a wide range of thin
walled rivets (0.5 mm) are also used, which requires less force and less
energy during production. So, a key area of research is to develop a
suitable technique to measure the residual stress in thin as well as thick
walled rivets. Another area of research could be the use of these results to
validate FEA and then use FEM to predict residual stress in thin walled
rivets.
 Further examination of residual stress in a variety of SPR joints with
different measurement techniques (for example, measuring six co-ordinate
strain by neutron diffraction and Contour) to develop a stress map instead
of point measurement. A finite element model may also be developed for
the stress mapping.
 Further development of equation 7.4 to predict the joint strength for a
family of rivet joints with different materials. It is believed that the
accuracy of the equation could be increased by accurate prediction of
effective rivet thickness in the bottom sheet (teff) from the forcedisplacement curve.
 The joint strength of a SPR joint under the coach-peel loading condition is
related with its cross-tension strength. However, the relation is unknown.
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A potential area of research is to develop a relationship between crosstension and the coach-peel loading condition.
 Investigation on the effect of residual stress on the dynamic and fatigue
behaviour of the SPR joints.
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Appendix A
Cross-sections and force-displacement curves of condition 2 in
Table 5.1.1

Fig. A.1 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 2.60 mm

Fig. A.2 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 3.25 mm
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Fig. A.3 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 3.90 mm

Fig. A.4 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 4.40 mm
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Fig. A.5 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 5.00 mm

Fig. A.6 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 5.60 mm
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Fig. A.7 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 7.10 mm

Fig. A. 8 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 7.60 mm
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Fig. A. 9 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 8.50 mm

Fig. A.10 Force-displacement curve and cross-section of 2.5 + 2.5 mm G300 steel sheet
with 8 mm long rivet of hardness of 555 HV and interrupted at 9.50 mm (complete joint)
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Cross-sections and force-displacement curves of condition 3 in
Table 5.1.1

Fig. A.11 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at1.85 mm

Fig. A. 12 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 2.35 mm
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Fig. A.13 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 3.35 mm

Fig. A. 14 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 3.55 mm
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Fig. A.15 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 4.25 mm

Fig. A.16 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 5.25 mm
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Fig. A. 17 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 6.60 mm

Fig. A.18 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 555 HV and interrupted at 8.50 mm ( complete joint)
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Cross-sections and force-displacement curves of condition 4 in
Table 5.1.1

Fig. A.19 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 1.90 mm

Fig. A.20 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 2.25 mm
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Fig. A.21 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 2.85 mm

Fig. A.22 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 3.30 mm
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Fig. A.23 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 4.40 mm

Fig. A.24 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 5.50 mm
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Fig. A.25 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 6.60 mm

Fig. A.26 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 480 HV and interrupted at 8.70 mm (complete joint)
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Cross-sections and force-displacement curves of condition 5 in
Table 5.1.1

Fig. A 27 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 2.30 mm

Fig. A.28 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 3.60 mm
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Fig. A.29 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 4.20 mm
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Fig. A.30 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 4.90 mm

Fig. A.31 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 6.15 mm
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Fig. A.32 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 8.35 mm

Fig. A 33 Force-displacement curve and cross-section of 2.0 + 2.0 mm G300 steel sheet
with 7 mm long rivet of hardness of 410 HV and interrupted at 8.80 mm (complete joint)
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Cross-sections and force-displacement curves of condition 6 in
Table 5.1.1

Fig. A.34 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 1.85 mm

Fig. A.35 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 2.50 mm
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Fig. A. 36 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 2.90 mm

Fig. A. 37 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 3.40 mm

356

Appendix A

Fig. A. 38 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 4.10 mm

Fig. A.39 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 4.50 mm
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Fig. A.40 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 480 HV and interrupted at 6.95 mm (complete joint)

Cross-sections and force-displacement curves of condition 7 in
Table 5.1.1

Fig. A.41 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 2.00 mm
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Fig. A. 42 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 2.50 mm

Fig. A.43 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 2.95 mm
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Fig. A.44 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 3.45 mm

Fig. A. 45 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 3.95 mm
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Fig. A.46 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 4.45 mm

Fig. A.47 Force-displacement curve and cross-section of 1.5 + 1.5 mm G300 steel sheet
with 6 mm long rivet of hardness of 410 HV and interrupted at 7.50 mm (complete joint)
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Effect of material hardness on residual stress profile as discussed
in chapter 6.4
3 mm (1.5 mm + 1.5 mm) stack thickness

Fig. B.1 Normal residual stress profile depending on material hardness of 1.5 mm + 1.5
mm joint

Fig. B.2 Longitudinal residual stress profile depending on material hardness of 1.5 mm +
1.5 mm joint
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4 mm (2.0 mm + 2.0 mm) stack thickness with 555 HV rivet

Fig. B.3 Normal residual stress profile depending on material hardness of 2.0 mm + 2.0
mm joint with 555 HV rivet

Fig. B.4 Longitudinal residual stress profile depending on material hardness of 2.0 mm +
2.0 mm joint with 555 HV rivet

363

Appendix B

4 mm (2.0 mm + 2.0 mm) stack thickness with 480 HV rivet

Fig. B.5 Transverse residual stress profile depending on material hardness of 2.0 mm +
2.0 mm joint with 480 HV rivet

Fig. B.6 Normal residual stress profile depending on material hardness of 2.0 mm + 2.0
mm joint with 480 HV rivet
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Fig. B.7 Longitudinal residual stress profile depending on material hardness of 2.0 mm +
2.0 mm joint with 480 HV rivet

5 mm (2.5 mm + 2.5 mm) stack thickness with 555 HV rivet

Fig. B.8 Normal residual stress profile depending on material hardness of 2.5 mm + 2.5
mm joint with 555 HV rivet
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Fig. B.9 Longitudinal residual stress profile depending on material hardness of 2.5 mm +
2.5 mm joint with 555 HV rivet

Effect of material thickness on residual stress profile as discussed
in chapter 6.5
5.0 mm vs. 4.0 mm with 555 HV rivet

Fig. B.10 Normal residual stress profile depending on the material thickness of G450
steel joint with 555 HV rivet
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Fig. B.11 Longitudinal residual stress profile depending on the material thickness of
G450 steel joint with 555 HV rivet

4.0 mm vs. 3.0 mm with 555 HV rivet

Fig. B.12 Normal residual stress profile depending on the material thickness of G450
steel joint with 480 HV rivet
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Fig. B.13 Longitudinal residual stress profile depending on the material thickness of
G450 steel joint with 480 HV rivet
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Appendix C
Cross-tension and Lap-shear test results of chapter 7.3

Case B in Table 7.2.1: 2.5 mm + 2.5 mm G300 carbon steel joint with 555 HV
rivet
In this case, the sheet materials were changed by replacing G450 with G300
carbon steel while keeping all other parameters the same as in case A in Table
7.2.1. The results obtained for cross-tension and lap-shear tests are summarized in
Table A.7.2.1.B and the force-displacement curves are shown in Fig. A.7.3.B.

Table A.7.2.1.B The features of cross-tension and lap-shear tests for case B in
Table 7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1 + rivet failure

Failure mode 2

Maximum force : 10.34 ± 1.04 kN

Maximum force : 12.9 ± 0.53 kN

Displacement at maximum force : 15.66 ± 0.48

Displacement at maximum force : 4.07 ± 0.1

mm

mm

Energy (area under the curve) : 97.31 ± 1.20

Energy (area under the curve) : 98.27 ± 0.95

kN-mm

kN-mm

Fig. A.7.3.B Force-displacement curves of 2.5 + 2.5 mm G300 carbon steel sheet
joints (a) cross-tension and (b) lap-shear test for the case B in table 7.2.1.
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Case C in Table 7.2.1: 2.5 mm + 2.5 mm G300 carbon steel joint with 555 HV
rivet (3.0 mm deep die)
In this instance, the die depth was increased to 3.0 mm by decreasing the diameter
to 10.0 mm. The results obtained for cross-tension and lap-shear tests are
summarized in Table A.7.2.1.C and the force-displacement curves are shown in
Fig. A.7.3.C.
Table A.7.2.1.C The features of cross-tension and lap-shear tests for case C in
Table 7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1 + rivet failure

Failure mode 2

Maximum force : 11.33 ± 1.02 kN

Maximum force : 14.17 ± 0.83 kN

Displacement at maximum force : 16.67 ± 0.62

Displacement at maximum force : 3.99 ± 0.12

mm

mm

Energy (area under the curve) : 125.46 ± 1.41

Energy (area under the curve) : 105.11 ± 1.33

kN-mm

kN-mm

Fig. A.7.3.C Force-displacement curves of 2.5 + 2.5 mm G300 carbon steel sheet
joints with a deeper die (a) cross-tension and (b) lap-shear test for the case C in
table 7.2.1.
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Case D in Table 7.2.1: 2.0 mm + 2.0 mm G450 carbon steel joint with 555 HV
rivet
The thickness of the ply materials’ was reduced to 2.0 mm in this case. The length
of the rivet was reduced to 7.0 mm due to reduced thickness. The rivet hardness
(555 HV) was the same as in the previous cases A, B and C in Table 7.2.1. The
die dimension was changed to incorporate with reduced volume. A flat die (10.0
mm diameter and 2.1 mm deep) was used again. The results obtained for crosstension and lap-shear tests are summarized in Table A.7.2.1.D and forcedisplacement curves are shown in Fig. A.7.3.D.

Table A.7.2.1.D The features of cross-tension and lap-shear tests for case D in
Table 7.2.1.
Cross-Tension

Lap- Shear

Failure mode 1

Failure mode 2

Maximum force : 9.78 ± 0.64 kN

Maximum force : 14.28 ± 0.14 kN

Displacement at maximum force : 15.52 ± 0.64

Displacement at maximum force : 3.99 ± 0.09

mm

mm

Energy (area under the curve) : 89.09 ± 0.88

Energy (area under the curve) : 102.33 ± 0.22

kN-mm

kN-mm

Fig. A.7.3.D Force-displacement curves of 2.0 + 2.0 mm G450 carbon steel sheet
joints with 555 HV rivet (a) cross-tension and (b) lap-shear test for the case D in
Table 7.2.1.
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Case E in Table 7.2.1: 2.0 mm + 2.0 mm G450 carbon steel joint with 480 HV
rivet
To understand the effect of rivet hardness on the static strength of SPR joints,
another joint of 4.0 mm total stack thickness was produced using a rivet with 480
HV while keeping all other parameters the same as in case D (Table 7.2.1). The
results obtained for cross-tension and lap-shear tests are summarized in Table
A.7.2.1.E below. Force-displacement curves of the cross-section and lap-shear
tests are shown in Fig. A.7.3.E.

Table A.7.2.1.E The features of cross-tension and lap-shear tests for case E in
Table 7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1

Failure mode 2

Maximum force : 9.76 ± 0.24 kN

Maximum force : 14.35 ± 0.81 kN

Displacement at maximum force : 16.76 ± 0.37

Displacement at maximum force : 3.99 ± 0.07

mm

mm

Energy (area under the curve) : 97.19 ± 0.52

Energy (area under the curve) : 91.53 ± 1.05

kN-mm

kN-mm

Fig. A.7.3.E Force-displacement curves of 2.0 + 2.0 mm G450 carbon steel sheet
joints with 480 HV rivet (a) cross-tension and (b) lap-shear test for the case E in
table 7.2.1.
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Case F in Table 7.2.1: 2.0 mm + 2.0 mm G300 carbon steel joint with 555 HV
rivet

To determine the effect of material properties another joint of 4.0 mm total stack
thickness was produced by keeping all parameters the same as case D except the
materials (G300 used instead of G450 The results obtained for cross-tension and
lap-shear tests are summarized in Table A.7.2.1.F and force-displacement curves
are shown in Fig. A.7.3.F.

Table A.7.2.1.F The features of cross-tension and lap-shear tests for case F in
Table 7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1

Failure mode 2

Maximum force :7.97 ± 0.70 kN

Maximum force : 11.36 ± 0.31 kN

Displacement at maximum force : 17.22 ± 0.49

Displacement at maximum force : 3.53 ± 0.11

mm

mm

Energy (area under the curve) : 83.14 ± 1.13

Energy (area under the curve) : 82.31 ± 0.85

kN-mm

kN-mm

Fig. A.7.3.F Force-displacement curve of 2.0 + 2.0 mm G300 carbon steel sheet
joints with 555 HV rivet (a) cross-tension and (b) lap-shear test for the case F in
table 7.2.1.
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Case G in Table 7.2.1: 2.0 mm + 2.0 mm G300 carbon steel joint with 480 HV
rivet

All parameters were kept the same as in case F, except the rivet hardness. The
rivet chosen had a hardness of 480 HV. The results obtained for cross-tension and
lap-shear tests are summarized in Table A.7.2.1.G and force-displacement curves
are shown in Fig. A.7.3.G.

Table A.7.2.1.G The features of cross-tension and lap-shear tests for case G in
Table 7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1

Failure mode 2

Maximum force :7.32 ± 0.22 kN

Maximum force : 10.73 ± 0.63 kN

Displacement at maximum force : 15.92 ± 0.34

Displacement at maximum force : 3.53 ± 0.06

mm

mm

Energy (area under the curve) : 73.37 ± 0.59

Energy (area under the curve) : 77.51 ± 1.03

kN-mm

kN-mm

Fig. A.7.3.G Force-displacement curve of 2.0 + 2.0 mm G300 carbon steel sheet
joints with 480 HV rivet (a) cross-tension and (b) lap-shear test for the case G in
table 7.2.1.
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Case H in Table 7.2.1: 1.5 mm + 1.5 mm G450 carbon steel joint with 480 HV
rivet
The thickness of the ply materials was reduced further to 1.5 mm in this case. The
length of the rivet was reduced again to 6.0 mm due to thickness reduction of the
joint. The rivet hardness was kept the same (480 HV). Again, a flat die with
changed dimension (9.0 mm in diameter and 2.0 mm deep) was used to
incorporate with the reduced volume. The results obtained for cross-tension and
lap-shear tests are summarized in Table A.7.2.1.H and force-displacement curves
are shown in Fig. A.7.3.H.

Table A.7.2.1.H The features of cross-tension and lap-shear tests for case H in
Table 7.2.1.
Cross-Tension

Lap-Shear

Failure mode 1

Failure mode 2

Maximum force :6.84 ± 0.94 kN

Maximum force : 10.54 ± 0.71 kN

Displacement at maximum force : 14.23 ± 0.04

Displacement at maximum force : 3.25 ± 0.02

mm

mm

Energy (area under the curve) : 56.29 ± 1.31

Energy (area under the curve) : 69.10 ± 1.23

kN-mm

kN-mm

Fig. A.7.3.H Force-displacement curves of 1.5 + 1.5 mm G450 carbon steel sheet
joints with 480 HV rivet (a) cross-tension and (b) lap-shear test for the case H in
table 7.2.1.
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Effect of sheet material’s thickness on joint strength for cross-tension loading

Fig. C.1 Effect of material thickness on the static strength of a joint for G450 carbon steel
in cross-tension condition

Effect of sheet material’s thickness on joint strength for lap-shear loading

Fig. C.2 Effect of material thickness on the static strength of a joint for G450 carbon steel
in lap-shear condition
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Effect of rivet hardness on joint strength for cross-tension loading

Fig. C.3 Joint strength depending on rivet hardness for a 2.0 +2.0 G300 carbon steel sheet
joint in cross-tension condition

Effect of rivet hardness on joint strength for lap-shear loading

Fig. C.4 Joint strength depending on rivet hardness for a 2.0 +2.0 G300 carbon steel sheet
joint in lap-shear condition
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