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The car manufacturing industry is going through a time of significant change under pressure to 

provide stronger crash safe structures while at the same time making car bodies lighter to enable 

electric drive. This is forcing car designers to choose very high strength materials and to use a 

mixture of steel for strength and aluminium for lightness. The result is a large number of riveted 

joint stack configurations on one car body each requiring different riveting parameters. The 

amount of physical testing required to find solutions has now become much bigger than the 

testing time available on the vehicle design programs. To solve this car manufacturers are keen 

to switch from physical lab testing to simulated joint testing.  

There is also pressure on rivet suppliers to rapidly develop new rivets designs for making the 

new joint stack combinations which are increasingly evolving into higher and higher strength 

materials. Simulation of rivet designs is needed to accelerate rivet development projects and to 

conduct process window testing to check the proposed new designs can cope with production 

variables. 

This project first created a validated base model for simulating rivet insertion and then applied 

this model to a number of research tasks.  

Through testing a large number of variety of rivet types, this work developed a set of friction 

parameters that have proven to work reliably for two different coatings, a standard SPR plating 

as well as low friction lubricant. The project also focused on accurately replicating the mid-

clamping method used by AC setters with promising results. The developed base model been 

succesfully used to simulate several completely new SPR products that have not been simulated 

to date such as tubular rivets for standard and narrow flange and solid (swage) riveting. 

It has also been utilized in studies focusing on creating a process window for materials to account 

for manufacturing variables. And finally, the model was used in a study supporting rivet design 

by bringing together the worst possible combination of lowest rivet manufacturing tolerances 

in order to predict the worst case scenario in rivet production. The results of this study were 

particularly accurate and allowed for mitigation of the worst combination of tolerances by 

informing subsequent rivet geometry amendments. 

Following completion of this project, the simulation can be seen as particularly useful tool in 

design of new products by predicting trends and mapping out process windows for 

manufacturing variables of both geometries and materials and can potentially replace a large 

part of physical testing.  
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1.1 ¢ǊŜƴŘ ǘƻǿŀǊŘǎ ŀƭǳƳƛƴƛǳƳ ŀƴŘ ƳƛȄŜŘ ƳŜǘŀƭ ŎŀǊ ōƻŘƛŜǎ 

The assembly of car bodies used to be mainly achieved by spot welding of mild steel, but in recent 

years the demand for lighter, more fuel efficient vehicles and electric vehicles, combined with the 

conflicting consumer demand for stronger structures to achieve 5 star crash protection has led to a 

shift away from 350MPa mild steels and towards using lighter and stronger material combination. 

These are mainly combinations of 200 to 350MPa 6XXX series aluminium, 300 to 450MPa 7XXX series 

aluminium, 600 to 1000MPa High Strength Steels (HSS), and 1200 to 1500MPa Ultra High Strength 

Steels (UHSS) (Briskham, 2016). 

The major steel and aluminium producers are competing to get their materials onto new car body 

platforms by striving to produce stronger Ultra High Strength (UHS) grades of material to enable 

thinner components to be designed to provide attractive weight savings (Whitacre, 2019). The bar 

chart in Figure 1 shows an example of a recent publication by Novelis, the leading automotive 

aluminium sheet producer, comparing its current and planned future grades of 6XXX and 7XXX series 

Ultra High Strength Aluminium (UHSAL) against the latest grades of Ultra High Strength Steels (UHSS), 

also known as Advanced High Strength Steels (AHSS) which offer the advantage of high strength but 

also have lowered ductility as shown in Figure 2 . The AHSS & UHSS materials are pressed in a hot 

condition to enable good formability and then water quenched while still on the forming press to 

achieve high hardness values, for this reason they are often called Press Hardened Steels (PHS) 

(WorldAutoSteel, 2017, Tech Spec 2018). 

 

Figure 1, Current and planned future grades of Ultra High Strength Aluminium (UHSAL). (Source Whitacre-2019) 
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Figure 2, Strength v ductility chart for conventional steel grades versus Advanced High Strength Steel (AHSS) grades 

(WorldAutoSteel, 2017) 

The majority of car makers are now designing car bodies which combine press formed HSS and UHSS 

with press formed 6XXX aluminium sheet and aluminium die castings. The use of aluminium die 

castings is helping to simplify the designs by replacing multi-part fabrications. The use of aluminium 

extrusions has tended to be very little in the past, but is currently rapidly increasing due to extruded 

profiles being very well suited for making battery case structures to mount underneath the passenger 

compartment on Battery Electric Vehicles (BEVs) (Tech Spec, 2018). 

The standard and most frequently used joining methods, such as spot welding, are not suitable for 

joining steel to aluminium (Casalino et al, 2008) due to the different melting temperatures and 

metallurgy of these materials (Abe et al, 2006). Carmakers need reliable mixed material joining 

methods and the ability to design cars assembled by these joining methods in the virtual world. Self-

pierce riveting combined with structural adhesive, known as hybrid joining or rivbonding, has become 

the primary way to assembly mixed material car bodies and aluminium intensive car bodies. Car 

makers are currently using around 150m of structural adhesive bead on every car body to create very 

stiff structures and for the aluminium or steel to aluminium joints the adhesive is usually combined 

with self-pierce riveting. The current global consumption of self-piercing rivets on car bodies is over 

10 billion rivets per year and this is forecast to grow to 20 billion over the next 10 years to support the 

growing use of mixed material and aluminium on battery powered electric cars (Briskham, 2016). 

A recent example of a battery powered electric car where rivbonding was extensively used is the 2018 

JLR IPace, shown in Figure 3; this low volume electric car body is a combination of aluminium castings, 

aluminium sheet and aluminium extrusions, the body is assembled using 2633 rivets combined with 

184m of adhesive bead. 
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Figure 3, Image of 2018 JLR Electric I-Pace  (Source EuroCarBody 2018) 

The Cadillac CT6 car body is a good example of the joining of sheet, cast, and extruded aluminium with 

sheet steel, all joined using Self-pierce riveting combined with structural adhesive, this is one of 

ǘƻŘŀȅΩǎ most impressive production examples of a significantly mixed material assembly. The riveted 

joints attaching the cast shocktower to the sheet metal on the CT6 is shown in Figure 4. 

 

Figure 4, Cadillac CT6 car body showing rivbonding of sheet/cast/extruded aluminium with sheet steel. (Source Visnic 2019) 

Due to the high cost of aluminium and its lower strength, the latest high volume cars bodies are 

tending to use Press Hardened Steel (PHS) to create strong pillars and ring shapes in the crash cage 

and then clad the crash cage with thin aluminium panels and closures to save weight. A good example 

of this design trend is the 2017 Audi A7, shown in Figure 5, which employs UHSS to create a strong 

crash cage (shown in purple) and press formed aluminium (shown in green) for weight reduction 

(Briskham, 2016, ,Tech Spec, 2019). 

 

Figure 5 Image of 2017 Audi A7 (Source: JoiningInCarBodyEngineering 2017) 
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1.2 tƘ5 hōƧŜŎǘƛǾŜǎ  

1.2.1 Objective 1 ς Selection and Evaluation of the simulation software. 

This objective has two stages: 

1.2.1.1 Objective 1A: Selection of the software  

Before any research work starts, a careful consideration needs to be given to a selection of the FE 

software to be used. This will be addressed by research into the progress of FE analysis and what 

software types were used. 

1.2.1.2 Objective 1B: Evaluation of the software  

This research objective proposes two actions: 

 9Ǿŀƭǳŀǘƛƻƴ ƻŦ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ Ψƻǳǘ ƻŦ ǘƘŜ ōƻȄΩ ǾŜǊǎƛƻƴ ƻŦ ǎƻŦǘǿŀǊŜΩǎ {ƛƳǳƭŀǘƛƻƴ ǘŜƳǇƭŀǘŜ 

¶ The evaluation will be carried out by comparing the results produced by out of the box simulation 

version of the software without any changes with physical test in order to establish its current 

capability. 

¶ This activity will be carried out through via two types of activities: 

o Simulation  

o Physical tests  

Identification of influencing parameters ƛƴ ΨǘƘŜ ƻǳǘ ƻŦ ǘƘŜ ōƻȄΩ ǾŜǊǎƛƻƴ ƻŦ ǎƻŦǘǿŀǊŜΩǎ {ƛƳǳƭŀǘƛƻƴ 

template 

¶ An investigation of parameters that influence the results and extent of this influence is to be 

conducted as part of this process via sensitivity studies on friction, clamping, temperature. 

1.2.2 Objective 2 ς Development of the base model 

The focus of this objective is to improve the parameters of the out of the box identified as in need of 

improvement in objective 1 and to develop an optimized and reliable simulation base model that can 

be used across all simulations of SPR. In order achieve this, a number of simulation sensitivity studies 

will be conducted and their effect will be analysed and compared with physical testing (Chapter 6 ς 

Experimental stage).  



Chapter 1: Introduction & Objectives 

Zuzana Kotercova - May 2020   5 

Two parameters that have been identified (amongst others) in objective 1B as not being suitable for 

AC SPR methods and having most significant effect on the accuracy of the result will be the main focus 

of this objective and are explained below.  

1.2.2.1 Objective 2A: Develop friction parameters for different rivet coatings. 

Although friction in SPR has been researched extensively for purposes of simulation, the friction 

settings found through these studies are usually tightly configured to a small number of very similar 

joint stacks and assume all rivets coatings and therefore fail to simulate the effect of different rivet 

coatings. The research task proposed is to investigate the friction settings and values in the simulation 

model to determine appropriate settings for standard and low friction rivet coatings. 

1.2.2.2 Objective 2B: Investigate the effect of different joint stack clamping methods using 
simulation 

When inserting a rivet, the sheet stack can be clamped in different ways, such as a pre-clamp before 

rivet insertion, an instant clamp at the start of rivet insertion, or an intermediate clamp during rivet 

insertion. The choice of clamping method is known to influence the riveting result for some types of 

joint stack. Little or no work has been carried out and published on this topic. The research task 

proposed is to determine the effect of the clamping by comparing pre-clamp with intermediate clamp 

methods and then reflect this process in the base simulation model to enable correct simulation of 

this part of the process.  

1.2.3 Objective 3 ς Application of base model  

This research objective aims to apply to the optimized simulation base model developed as part of the 

objective 2 to real case scenarios. The initial purpose of practical application is to validate the 

optimized base model by comparing the simulation results to the physical results and to inform the 

author whether any further changes need to be made to the optimized model. Once this interactive 

process has led to a fully optimized simulation model providing accurate and reliable results, the 

simulation model can be then utilized in further studies. This involves simulation of new rivet types 

and processes in the field of SPR as well as supporting R&D with design of new rivets via sensitivity 

studies aimed at determining tolerances and robustness of new products in production. 

These sub-objectives are described below in greater detail: 
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1.2.3.1 Objective 3A: Apply SPR simulation to fully tubular rivets 

Until recently all SPR rivets were semi-tubular, Atlas Copco recently launched a new type of SPR rivet 

which is fully tubular and has a new low friction coating. Simulation studies have not yet been 

conducted and published on this new type of rivet and major customers like Ford & JLR want to be 

able to simulate joining with this rivet. The research task proposed is to apply the base model 

developed in objective 1 to this new type of rivet and determine the parameters required to perform 

accurate simulations. 

1.2.3.2 Objective 3B: Apply SPR simulation to mixed material riveting of UHSS to aluminium 

SPR was developed for aluminium to aluminium joining but is currently being adapted for joining very 

high strength hot stamp steels to aluminium which is one its biggest challenges. Joining these 

materials requires the development of new rivet designs. Little or no previous SPR simulation work 

has been conducted on riveting UHSS to aluminium in the field so far. The research task proposed is 

to apply the base model developed in objective 1 to simulate the new rivet designs being developed 

for this new joint stack requirement to determine the parameters required to perform accurate 

simulations and support the development and testing of the new rivet designs. 

1.2.3.3 Objective 3C: Apply SPR simulation to the new development of joining narrow 
flanges 

Car companies are seeking to reduce the size of the pillars in cars to improve driver visibility and 

reduce weight. To do this they are requesting SPR be adapted to work on narrow flanges, this requires 

the development of a new smaller nose and die for the equipment and new smaller rivet sizes. The 

research task proposed is to modify the base model developed in objective 1 to employ the new 

smaller nose and die diameter, and to test this with new smaller development rivet designs. 

1.2.3.4 Objective 3D: Apply SPR simulation to the new swage solid SPR riveting joining 
process 

As mentioned also in objective 3B, a challenge for joining industry is the ever improving materials 

which are increasing in hardness in order to reduce weight. Whilst there is already rivet for UHSS 

materials on top sheet, the UHSS bottom sheet remains a challenge requesting SPR joining solutions 

for joints with UHSS on the bottom sheet which are not possible with conventional SPR due to a ductile 

bottom sheet being required. A new solid type of SPR riveting is being developed for making this type 

of joint. The research task proposed is to develop and validate a simulation model for this new type 

of riveting. 
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1.2.4 Objective 4 ς Utilization of validated simulation models 

Following the application of the simulation model to a variety of new products with various changes 

to the model to account for these, and their successful validation with physical tests in laboratory 

conditions, it is possible to try to see how can these simulation models further benefit to the industry. 

An area that cannot be examined in laboratory conditions is a manufacturing variability i.e. the fact 

that small changes to the production of rivet or sheets (batch to batch variablility) can ultimately result 

in a different outcome for the joint and simulation could be used to map out these differences and 

potentially improve this. As part of this exercise, the base models for tubular narrow flange rivet (T4 

rivet) and higher column strength rivet (BG rivet) were utilized to conduct entire studies that would 

evaluate a process window for these products. 

1.2.4.1 Objective 4A: Process window simulation for tolerance range of sheet material and 
rivet properties 

A significant weakness of the current physical lab testing approach is that the lab can only test the 

material and rivets supplied, they cannot test the range of material and rivet properties that could be 

supplied to a production line. One of the most obvious uses for SPR simulation is to expand on the 

capabilities of physical testing by simulating upper and lower tolerances to check if the proposed rivet 

and die solution has a suitable process window to be robust in a production environment. The research 

task proposed is to apply the base model developed in objective 1 with upper and lower values for 

sheet and rivet material properties to investigate the effect on joint quality to check process window. 

1.2.4.2 Objective 4B: Explore using SPR Simulation to aid the design and optimisation of new 
rivets 

Testing small changes in the rivet design on a range of joint stacks by physical lab work is time 

consuming and expensive as each design has to be machined, heat treated, coated, inserted, cross 

sectioned and measured. The result is that rivets developed by physical testing alone are not highly 

optimised due to it only being possible to evaluate a small number of design changes. The research 

task proposed is to apply the base model developed in objective 1 to evaluate making a series of 

changes to a rivet geometry to investigate optimisation of the design and also the production 

tolerances required on the rivet geometry to ensure consistently good joining results in production.  
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1.3 hǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ǘƘŜǎƛǎ ǎǘǊǳŎǘǳǊŜ  

Chapter 

number 
Chapter name Brief description 

1 
Introduction and 

Objectives 

The purpose of this section is to outline the challenging demands 

of automotive industry on joining and explain the rationale and 

objectives of this work. 

2 

Review of Self-

pierce riveting 

(SPR) 

A detailed introduction to SPR method.  The chapter further 

covers various aspects of this method such as advantages and 

disadvantages, its current use and innovations in field of SPR. 

3 

Review of Finite 

element Analysis 

(FEA) 

An introduction to FEA which outlines types, stages of FEA and 

covers specific methods used by Simufact software. 

4 
Review of FEA in 

context of SPR 

This chapter aims to explain various aspects that are specific to 

setting up a process of SPR simulation FEA such as insertion 

methods, clamping of the rivet throughput the process, friction 

etc. This chapter further details the latest status of simulation of 

SPR. 

5 
Research 

methods 

A brief outline of the research methods used throughout this 

thesis for both physical and simulation tests. 

6 
Experimental 

stage 

This chapter focuses on establish a working simulation model 

through exploration of SPR simulation process parameters and 

their effects on the process via a number of sensitivity studies. 

This includes process parameters such as materials definitions, 

damage criteria, meshing, clamping etc. 

7 
Practical 

applications 

The aim of this chapter is a practical application of the simulation 

model  developed in chapter 6 to real case scenarios to obtain 

feedback and test its viability.  
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Chapter 

number 
Chapter name Brief description 

8 Discussion 

This chapter discusses the findings of the literature review and the 

experimental simulation studies in relation to the objectives set 

for this research project. 

9 Conclusions 
This chapter aims to bring the research together by determining 

whether the objectives of the PhD thesis were met.  
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The two main elements of SPR are the self-piercing rivet and the die, an example of the most 

commonly used rivet and die designs are shown in Figure 6 below.  The standard industry terms 

assigned to the different features on the rivet and die design are explained in the image below. 

 

Figure 6, Nomenclature of the industry terms assigned to different parts of the rivet and die 

2.1 {ŜƭŦπtƛŜǊŎŜ wƛǾŜǘƛƴƎ π LƴǘǊƻŘǳŎǘƛƻƴ 

The self-pierce riveting is a cold forming joining method where a tubular rivet is inserted into a stack 

of sheets by a punch positioned centrally over a die. The rivet pierces the top sheet and the displaced 

material flows into a die, the pressure on the rivet skirt created by the progressive filling of the die 

causes the rivet to flare into the bottom sheet to create a mechanical interlock.  

 

Figure 7 Schematic of SPR process drawn by the author 
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If rivet and die are selected in accordance with the material properties, the rivet does not pierce 

through the bottom sheet, this is the main advantage of the SPR process because it enables car makers 

to rivet from the dry inside the car to the wet area outside the car without breaking through to the 

wet side. This avoids exposing the fastener to the corrosive wet environment on the underside of the 

car (Casalino 2008). 

 

Figure 8, Example of a cross section of SPR joint showing the rivet does not pierce through the bottom sheet (SPR ES, 

2018). 

Whilst there are useful advantages to using SPR over aluminium spot welding, such as much greater 

fatigue life (Briskham, 2016), there are also some drawbacks to the process. One of the main issues 

car producers experience difficulties with is the number of process variables (He et al, 2007) affecting 

the mechanical behaviour of a joint. The process variables require extensive physical testing, firstly to 

confirm joining feasibility, and then to create groups of joint stacks to assign a number of different 

joint stacks to one robot tool running two rivet types and one die. (Carandente at al, 2016);The main 

aim of the physical testing being to find robust joining solutions with large process windows avoiding 

marginal combinations that risk causing consistency issues in production. An example of a production 

issue that car makers seek to avoid is the rivet breaking through the bottom sheet, as this condition 

exposes the rivet tips to the wet side of the car body and in severe cases can result in the formed 

button separating from the bottom sheet and falling off leaving the whole of the rivet bore exposed 

to the wet side of the vehicle. 

 

Figure 9, Marginal SPR joint with low bottom sheet thickƴŜǎǎ Ψ¢ƳƛƴΩ ƻƴ ƭŜŦǘ ƭŜƎ όSPR ES, 2018) 

Extensive physical lab testing requires a lot of staff labour and consumes a lot of sample material. 

There are a number of steps involved in the process such as obtaining representative materials to test, 

cutting these materials into test coupons, conducting riveting tests, cross sectioning the joints, 
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photographing measuring the joints, then analysing the results to determine which parameters are 

most suitable for use on the production line. 

 

Figure 10, Image of cross sectioned joints with measurements (SPR ES, 2018) 

Most rivet insertion equipment (called rivet setters) are limited to riveting joints using one die and 

two rivets. This means that even after a satisfactory rivet & die solution has been achieved for a 

specific joint in the initial feasibility testing, the need to group joint stacks onto the same tool to 

minimise the amount of equipment required means a lot more testing is required to find one solution 

that works for a number of different joint stacks. The number of stacks assigned to one setter can be 

as high as eleven, and these will usually include a range of stack thicknesses, this makes it a difficult 

task to find a rivet length and die depth that is optimal for every stack, which means some of the stacks 

need to be made using non-optimal rivet types; this reduces the process window available to cope 

with process variables.  Simulation has great potential to conduct optimisation routines to help with 

finding the most optimum joint groups to provide the best available process window. 

A good example of the cost and challenge of conducting this work using only physical testing was a 

recent three year lab testing project conducted for the Jaguar-XE and F-Pace production line. The 

project task was to select the rivets and die grouping to produce 250 different joint stacks with the 

minimum number of robot cells. This study required 40,000 physical rivet insertion tests, consuming 

100,000 coupons of material and 5,000 hours of staff time. 

The total cost of conducting this physical testing study was over 1 million pounds (Henrob 2016) 

Following this very expensive study a clear mandate was set to develop the ability to simulate the rivet 

insertion to reduce the amount of physical lab testing required and the time required to design the 

riveting cell layout. 

The project mentioned above was an all aluminium car body structure, the rapid introduction by car 

makers of mixed material steel/aluminium car bodies means there are now increased challenges 

involved in conducting joint feasibility and grouping studies. A number of new designs of rivet need to 

be developed over the next few years to keep up with the changing material types and combinations 

being used by car body designers. The process of designing new rivets has historically been done by 
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physically making and testing every design iteration, this is a very slow and expensive approach, which 

does not allow the new designs to be fully optimised to a) cover a wide range of joint stacks, or b) 

cope with a wide range of material properties. 

The use of simulation has massive potential to aid the development of new rivet designs by enabling 

more optimisation of the designs to be conducted, and enabling the evaluation of a wider range of 

joint stack combinations. Perhaps the biggest benefit of using simulation is that physical testing can 

only test the material condition that is supplied for testing, it is not usually possible to get materials in 

an upper and lower ductility condition; simulation enables these upper and lower material conditions 

to be tested, this will give a much higher confidence level in the ability of the chosen solution to cope 

with the variations of a real production line. 

From the above explanation it is clear that investing in the development of rivet insertion simulation  

is very justified with a strong business case. This research project has potential to help the Atlas Copco 

SPR business in two key areas: 1) The initial joining feasibility testing followed by the joint stack 

grouping studies conducted during the layout planning of car assembly lines, 2) The design and 

optimisation of new rivet and die designs for joining new material combinations. 

To remain a leading SPR company Atlas Copco a key part of the companies R&D strategy is to develop 

simulation solutions for these two market requirements. To implement this strategy Atlas Copco 

contacted Sheffield University to organise a case award PhD project and set these industry needs were 

as the main objectives of the PhD project. 
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2.2 9Ǿƻƭǳǘƛƻƴ ƻŦ {tw ŦǊƻƳ мфтл ǘƻ ǇǊŜǎŜƴǘ Řŀȅ 

Self-pierce riveting was invented ƛƴ !ǳǎǘǊŀƭƛŀ ƛƴ мфтлΩǎ for making aluminium ladders. The original 

concept used a solid rivet which was driven through two aluminium sheets onto a fluted die, which 

split the rivet into three parts and folded these outwards to form a mechanical interlock. (Briskham, 

2016). 

 

Figure 11, Initial design of solid SPR invented in 1970s for producing aluminium ladders. 

 

Lƴ ǘƘŜ мфулΩǎ a semi-tubular rivet design was developed to enable the rivet to flare inside the bottom 

sheet so that it could remain contained within the bottom sheet and not break through. The initial 

semi-tubular design had a square tip geometry and required the use of a die with a raised central pip 

to create the pressure needed on the rivet skirt to flare the rivet to create a mechanical interlock. 

(Briskham, 2016). This early rivet design was mainly used for assembling steel framed buildings. 

 

Figure 12, Initial Semi-tubular SPR design with square rivet tips 

 

In the 1990s Audi developed the first riveted and bonded aluminium intensive car, called the A8, for 

this project the rivet design needed to be improved; the semi tubular rivet was changed to have a thin 

1mm web and given a shaped rivet tip geometry (Litherland, 2016). The profiled tapered shape of the 

rivet tips enabled the rivet to self-flare inside the bottom sheet when the die became full and the 

pressure on the tips increased.  
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Figure 13, Profiled shape of the rivet tips introduce in the 1990s to create the C-rivet. (Atlas Copco Rivet Brochure 2019) 

The self-flaring ability enabled flat bottom dies to be introduced as dies with a raised central pip were 

no longer needed. (Briskham, 2016). The new semi tubular rivets developed for the Audi A8 project 

were called C-rivets and this rivet design is still widely used today. 

    

Figure 14, the first rivet design with a thin web and profiled tip geometry was called the C-rivet (Briskham, 2016). 

The C-rivet was given a thin wall thickness to encourage the rivet to flare inside thinner joint stacks. 

In the early cars SPR joining was restricted to two thickness (2T) joints, this avoided the need to join 

three layers together using longer rivets. 

To extend the riveting capability to thicker joint stacks a rivet design with a slightly thicker wall 

thickness was developed, this stronger rivet was called the K-rivet.  The main difference between a C-

rivet and a K-rivet is that the wall thickness is slight thicker on the K-rivet.  

C-rivets are used for joints requiring rivet lengths from 3mm to 6.5mm, K-rivets are used for joints 

requiring rivet lengths between 7mm to 11mm. (Briskham, 2016). These two rivet designs are 

excellent for a wide range of aluminium to aluminium joints and have been the most commonly used 

rivet types for the last twenty years. (Litherland, 2016) 

C-rivets have a thin 1mm web, this enables them to make 3 thickness (3T) joints. In contrast the longer 

K-rivets have a thicker web and this makes them unsuitable for making 3T joints. The reason K-rivets 

have a thicker web is simply that all lengths of K-rivet are forged with the same bore depth as the 

6.5mm long C-rivets, so as the K-rivets length increases the web thickness also increases, (Briskham, 

2016). 
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Figure 15, Cross section of C-rivet left & K-rivet right, showing the greater web & leg thickness on K-rivets. 

The early aluminium car structures were made using a very ductile and easy to rivet AA5754 alloy, 

which enabled deep dies to be used. In 2003 car makers started to test stronger lower ductility 6XXX 

alloys, such as AA6111 and AA6451, by 2008 they were ready to use these stronger alloys to make car 

bodies. This created a challenge for the riveting as K-rivets were not capable of making thick stack 

joints in 6XXX alloys. 

In 2012 Ford and JLR requested a new rivet be developed for riveting three layer joints of 3mm thick 

6XXX materials, because this joint stack was required to enable the planned design for both the new 

F150 truck and XE car body structures. (Briskham, 2016). The problem Ford and JLR were facing was 

that 6XXX alloys have limited ductility and cannot be riveted with the deep die that is needed by the 

K-rivet due to its thick rivet web. A new rivet design with a much smaller web thickness was needed 

to enable a shallow die to be used with long rivets. The new rivet design had to have the same external 

dimensions as the C-rivet and K-rivet to enable it to be used in the same standard rivet feeding and 

setting equipment. The solution found was to completely remove the rivet web on the K-rivet and 

create a fully tubular version of the rivet called the T-rivet. The T-rivet was launched in 2014, the first 

production vehicles made using the T-rivet were the Ford F150 & F250, Jaguar XE & F-Pace. 

    

Figure 16, Fully tubular rivet for thick stack aluminium joints, known as the T-rivet 

The extra bore volume created inside the rivet by removing the rivet web enabled a lot more 

aluminium to be displaced upwards inside the rivet meaning the shallow dies required with low 

ductility 6XXX alloys could be used. (Briskham, 2016). Figure 17, shows the huge improvement in joint 

quality gained using a T-rivet with no web compared to a K-rivet with a thick web for joining a joint 

with three layers of 3mm aluminium.  This image shows very clearly why Ford and JLR could not use 

the K-rivet and requested a new rivet solution to be developed. 
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Figure 17, Semi-tubular versus fully tubular rivet in 3.0mm+3.0mm+3.0mm AA6111 

The original C-rivet was made in a 5mm diameter shank version for structural joining on car bodies, 

and in a 3mm diameter shank version for non-structural joining on closures such as doors and bonnets. 

The 3mm diameter shank C-rivet is able to rivet stacks with a minimum 1mm bottom sheet thickness 

and for a number of years this was enough to meet the demands of the car industry. However, car 

makers are now under pressure to use even thinner materials to reduce vehicle weight.  

In 2017 Ford asked for help to make a joint 0.8mm to 0.8mm thick for a new light weight door designed 

to be used on the new Ford Explorer. When very thin bottom sheets are used the standard C-rivets do 

not flare enough and can break through the bottom sheet. If the rivet almost breaks through in a lab 

test this is classed as a fail because in production the process variable could cause a marginal joint to 

switch to a fail condition. 

The simple solution found was to make a new version of the C-rivet with a much sharper rivet tip. The 

sharper tip caused the rivet to flare more rapidly preventing the rivet tips from breaking through the 

thin bottom sheet. The new modified design of C-rivet was called the A-rivet and was first used in 

vehicle production to make the aluminium doors for the new Ford explorer launched in 2019. 

  

Figure 18, Successful riveting of very thin 0.75mm to 0.75mm aluminium for a car door using sharp tip A-rivet. 

The same solution was used to create a 5mm shank diameter version of the A-rivet for making 

structural joints on car bodies where joints with thin bottom sheets were required. Figure 19 shows a 

failure result in bottom sheet thickness using a C-rivet, versus a much better bottom sheet thickness 

result for an A-rivet. The new 5mm A-rivet will first be used in 2020 in Japan on a new model of Nissan 

where thin sheets needed to be joined to enable a lightweight construction. 
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Figure 19, 3T aluminium joint 0.9mm Ac600 + 0.9mm Ac170 + 1.2mm RC5754, C-rivet fail (right) versus A-rivet pass (left) 

SPR was developed for joining aluminium but most of the latest car models are using a mix of ultra-

high strength steel and aluminium. The new generation of car bodies are using Press Hardened Steel 

(PHS) to produce a strong safety cage with thin steel sheet for maximum passenger protection while 

achieving some light weighting compared to using thicker conventional steels. The high strength steel 

crash structure is being combined with aluminium to gain some weight reductions on other parts of 

the car body, this combination is enabling these cars to be fitted electric drive systems. 

This trend is being followed by all of the car companies, in the last three years several car companies 

have contacted Atlas Copco to request riveting solutions for joining Ultra-High Strength Steel (UHSS) 

to aluminium to enable these new generation of mixed material car bodies to be made. 

To meet this new market demand a new rivet called the BG-rivet has recently been developed, the 

new rivet has a thick shank to provide the column strength needed to pierce through UHSS and has a 

shaped rivet tip to enable flaring into the aluminium bottom sheet. The BG-rivet has been 

predominantly designed for a PHS material called Usibor which is a UHSS specifically made for 

automotive applications by Arcilor Mittal.  

Due to its high mechanical strength, UHSS allows 30% to 50% weight saving as opposed to other cold 

rolled grades (Matweb.com, 2019), which is why this material is being used in many new car models. 

Figure 20, shows an example of a UHSS to aluminium joint made using the new BG-rivet. The first 

production vehicle to be made with the new BG rivet with be the Jaguar electric MLA platform 

launching in 2020, and an electric car made in China by a new car company called Ai-Ways also 

launching in 2020. 

    

Figure 20, Picture of the latest rivet design called the BG-rivet, developed for joining UHSS to aluminium 
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The car makers are planning to use even stronger and thinner materials on the future generations of 

car bodies and there is a clear requirement for Atlas Copco to invest in R&D work during the next five 

years to develop new rivet designs for joining these materials. Simulation of the rivet insertion will 

play a big role in this rivet development work and also in the testing of different joint stacks to choose 

and the rivet and die solutions for each group of joint stacks. 

2.3 wƛǾŜǘ ǘȅǇŜǎ 

The riveting parameters involved in making an SPR joint are listed in Figure 21 below. 

 

Figure 21, Riveting parameters involved in making a good SPR joint (SPR ES, 2016, with support from the author) 

2.3.1 Rivet length 

Rivets produced by Atlas Copco have a length range from 3.25mm to 19mm. Originally the rivets were 

only made at 1mm length intervals. When the materials being joined by the customers changed from 

easy to rivet 5XXX alloys to less ductile 6XXX alloys, 0.5mm length intervals were added. Recently the 

introduction of very thin material such as 0.8mm aluminium has required the introduction of 0.25mm 

increments for the short rivets used for joining closures. The table shows the available lengths of the 

rivet which generally cover the requirements of the stacks. 
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Table 1, Rivet length availability table (Atlas Copco Rivet Brochure 2019) 

2.3.2 Rivet Types and Head Styles 

The most widely used automotive rivets have already been introduced in the overview of how SPR 

developed. Figure 22 below shows the range of standard rivet types.  

Most automotive joints are made using countersink head rivets to achieve a flush surface to enable 

other parts to be added later without the rivet heads getting in the way. Figure 22 below shows the 

range of standard rivet head styles. 
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Figure 22, Diagram showing the standard Figure 23rivet types and head styles. (Atlas Copco Rivet Brochure 2019) 

2.3.3 Rivet diameter 

¶ 3.0mm shank diameter rivet, these are used for thin materials for non-structural joining. 

¶ 5.0mm shank diameter rivet, these are used for structural joining of aluminium or mild steel. 

¶ 5.5mm shank diameter rivet, these are used for structural joining of high strength steel. 

 

Figure 24, Cross section image showing 3mm, 5mm and 5.5mm shank dimater rivets 

2.3.4 Rivet hardness 

Rivets are made by a forging and extrusion process using cold forming boron steel wire and they go 

through four main process stages as shown below: 

 

Figure 25, Rivet Production Process (Clarke, 2007) 
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It is the heat treatment stage that determines the hardness of rivets, the rivets are all hardened at the 

same 900oC temperature and oil quenched to achieve a fully martensitic structure, then tempered at 

different temperatures to achieve different hardness levels, these are shown in Table 2 below.  

Due to new aluminium alloys being employed by car makers, extra hardness levels have been 

introduced for the softer rivets. From Table 2 below, it can be seen that between levels 2 to 6 there is 

a small overlap in Hv range in each of the neighbouring hardness levels. Previously, between hardness 

levels 1 to 2, there was no overlap which resulted in the rivet design process window having a gap to 

remove this gap, two new hardness levels, G and H, were introduced. 

 

Table 2, Table showing the standard hardness levels available for rivets. 

Hardness of the rivet can have a great effect on the quality of the joint depending on the material 

used as substrates. The below pictures illustrate this by showing the same joint with an Aluminium 

top sheet and two subsequent layers of mild steel. The first joint is using rivet level H1 whilst the next 

one is using level H2. The H1 rivet, due to being softer is not able to pierce the steel and is forced to 

flare out excessively in the aluminium layer. Using the harder H2 rivet sees an improvement in the 

joint and the rivet manages to pierce through the steel layer and flare out to a reasonable extent.  

Heat treatment 

level

Hardness range (Hv 

10kgf)

0 As forged

1 255-305

G 290-350

H 330-390

2 380-440

3 420-480

4 450-510

5 480-540

6 530-580

7 550-600
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Figure 26, Illustration of effect of rivet hardness level on rivet insertion - same joint with H1 rivet (left) and H2 rivet (right) 

2.3.5 Rivet hole style 

¶ C-rivet and K-rivet: the rivet has a flared hole with a thin web, also referred to as semi-tubular. 

¶ T-rivet: the rivet has a flared hole with web removed, also referred to as fully tubular. 

¶ PG-rivet and BG-rivet: this rivet has a flared hole with a thick web, also referred to as semi-tubular. 

 

Figure 27, Images of C-rivet, T-rivet, and PG-rivet 

2.4 5ƛŜ ǘȅǇŜǎ 

Die geometry is not as intricate as the rivet geometry, but the shape and volume of the die cavity are 

equally important in producing a good quality joint. There are many different die types, many of them 

have been designed for very specific joint stack applications. 90% of joints are made using just three 

die types, these are DG, DP and DZ. 

¶ Ψ5DΩ ǇǊƻŦƛƭŜ ǎǘȅƭŜ ς Flat bottomed die profile, normally used with Ø3mm, Ø5mm and Ø5.5mm 

rivets and preferred profile due to low wear and good damage tolerance. 

¶ Ψ5tΩ ǇǊƻŦƛƭŜ ǎǘȅƭŜ ς Radiused die profile with small central pip, normally used with Ø3mm and 

Ø5mm rivets. 

¶ Ψ5½Ω ǇǊƻŦƛƭŜ ǎǘȅƭŜ ς Radiused die profile with large central pip, normally used with Ø3mm and 

Ø5mm rivets and useful when joining thin sheets. 
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Figure 28, From left to right,3D dwg of DG, DP and DZ type dies. 

Different length rivets and different rivet web thicknesses require different die cavity volumes, the die 

cavity is adjusted in small incremental steps by adjusting the die depth from 1.mm to 2.4mm deep 

0.2mm increments and adjusting the die diameter from 6.0mm to 11mm in 0.5mm increments. 

        

Figure 29, From left to right 2D cross section dwg of DG, DP and DZ type dies. 

2.5 wƛǾŜǘ LƴǎŜǊǘƛƻƴ 9ǉǳƛǇƳŜƴǘ ǘȅǇŜǎ 

2.5.1 Simulation of different rivet insertion equipment 

The development of rivet insertion simulation opens up the potential for a useful work stream to 

simulate the difference in riveting results made with different types of rivet insertion tools. For 

example, the difference between tools which apply a preclamp to the joint stack before inserting the 

rivet, versus tools which apply a late clamp to the joint stack after the rivet has been inserted. Or for 

a further example, the difference between tools which achieve different rivet insertion speeds or 

different maximum insertion forces. (TechSpec 2019) 

This PhD project focusses on developing an accurate simulation method for the high speed servo tool 

because this is by far the most commonly used tool. There is scope to expand this study to investigate 

the effect of other equipment setups. For example, it would be very useful to be able to accurately 

simulate the effect of making the same joint stack with different riveting equipment arrangements, 

such as, the effect of different clamping loads or the effect of different nose and die diameters. 
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2.5.2 Rivet insertion equipment used in this study for the physical lab tests 

The self-piercing rivets used in this thesis were inserted by either using a servo setter where the 

velocity of the servo riveting tool is the main adjustment control, or by a hydraulic setter where 

changing the oil pressure is the main adjustment control. There are several different types of 

equipment that can insert the rivet, these are briefly described below. 

2.5.3 RivLite Portable Battery Tool 

RivLite tools are primarily used for car crash repair purposes in garages and for low volume car 

production. The rivlite tool has a proper preclamp function and delivers a rivet insertion force of 50KN, 

this is an impressive capability for a small portable battery powered tool.  

From a riveting capability perspective, the most significant difference compared to the industrial tools 

used on car assembly lines is that the rivet is inserted much more slowly; the piercing and flow of high 

strength materials tends to be better when the rivet is inserted at high speed. The second difference 

is the C-frame deflection tends to be a lot more due to the smaller size of C-frame. (TechSpec 2019) 

 

Figure 30, Rivlite Portable Battery Tool 

2.5.4 Hydraulic double acting and pre-clamping tools 

Hydraulic double acting tools have an external electrically driven hydraulic powerpack, connected by 

two hoses to the riveting tool. The setting force exerted by the tool is controlled by adjusting the 

hydraulic oil pressure, up to a maximum of 210bar with a standard C frame or 250bar with a heavy 

duty C frame. The hydraulic pressure is adjusted until the correct rivet setting depth is achieved. The 

rivet setting depth can be limited by installing a shim inside the riveting tool to act as a mechanical 

stop. Using a shim is common practice for general industry tools that always insert the same rivet into 

the same stack and require no flexibility. 

Hydraulic tools are mainly used for general industry applications where they are mounted on a fixed 

stand or a hanger tool.  Automotive companies do not like to use hydraulic tools due to the difficulty 
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of feeding hydraulic fluid through pipes onto a robot tool that needs to move into many different 

positions, and due to the risk of hydraulic oil leakage in the event of pipe damage. (TechSpec 2019). 

 

Figure 31, Picture of stand mounted and hanger mounted hydraulic tools  

2.5.5 Servo tools 

The Henrob servo electric tool works by adding kinetic energy to a rotating flywheel and then releasing 

this energy into a linear travel roller screw to create very rapid rivet insertion speeds. The main benefit 

of this approach is higher insertion speeds compared to a direct drive servo setter and a longer 

gearbox life due to disconnecting the drive from the insertion punch to avoid stressing the gearbox. 

The energy exerted onto the rivet is adjusted by changing the steady state velocity reached by the tool 

in the flight across space stage before the rivet is inserted. To provide some fine control over the rivet 

insertion depth the servo motor continues to add some extra energy during the rivet insertion process, 

this extra energy is torque limited to minimise stress on the equipment. (TechSpec 2019) 

This method of rivet insertion gives a high initial speed to pierce the top sheet and then a slower speed 

for the last stage of flaring the rivet inside the bottom sheet, this approach is believed to be the ideal 

way to insert a rivet, especially for joints with high strength steel on the top sheet and aluminium on 

the bottom sheet. (TechSpec 2019) 

The Henrob servo tools are capable of achieving insertion forces upto 120kN, but for production 

applications the tools are limited to 80kN to enable a 10 million cycle tool usage before a major service. 

Figure 32 below shows a standard Henrob servo tool, in this image the flywheel on top of the setter is 

clearly visible (TechSpec 2019). 
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Figure 32, Standard robot mounted Henrob servo tool for blow feed rivet supply 

The competitor servo riveting systems use direct drive rivet insertion, the main disadvantage of this 

approach is slower rivet insertion speeds, the main advantage is the ability to monitor both force and 

position during the rivet insertion and use these readings to instruct the tool to stop at a max force 

value or a set position depending on which limit setting is reached first. (TechSpec 2019) Thousands 

of both types of servo rivet setter are in service at car plants and both approaches have been proven 

to work well with excellent reliability and very little downtime. Car plants usually have a minimum 

requirement of 99.8% operating availability for the riveting equipment during each shift  

2.6 !ŘǾŀƴǘŀƎŜǎ ŀƴŘ ŘƛǎŀŘǾŀƴǘŀƎŜǎ ƻŦ {tw 

As with any technology, SPR has some advantages but also some disadvantages in comparison with 

other methods of sheet material joining. The advantages of using SPR are as follows: 

2.6.1 Versatility 

As opposed to some other joining methods, SPR allows a number of dissimilar (Barnes, 2000) and 

unweldable materials such as steel and aluminium, plastic and aluminium, epoxy and aluminium, to 

be joined (Henrob, 2005). It can also be used with coated and painted materials (e.g. heavily zinc-

coated and organic coated sheet material) as well as adhesive (paste or film form) and in some case 

can join plastics to metal (Gerritsen, 2016). 

Compared to conventional solid rivets or blind rivets SPRs create their own hole so there is no need 

for a predrilled hole (Barnes, 2000) This saves time and manpower thus lowering costs in comparison 

to other types of riveting and increasing productivity.  During car body assembly it is considered 
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difficult to align pre-made holes in overlapping sheets to insert a rivet, for this reason the use of 

fasteners that require premade holes is generally avoided on high volume car production. Blind rivets 

are usually only used on low volume car production lines where mainly manual assembly is used. 

Of growing importance is the environmental impact benefits compared to resistance spot welding 

where toxic fumes are emitted due to vapourising the adhesive between the sheets where they are 

welded, and where a large amount of electricity is required to generate the resistance heating 

required to melt highly conductive aluminium sheets. (TechSpec 2019) 

Some of the commonly quoted benefits of SPR are listed per below: (Henrob, 2005) 

¶ No sparks, fumes or heat produced during the rivet insertion 

¶ No fume extraction is required, giving an equipment cost and power usage benefit 

¶ No cooling water required, giving an equipment cost and power usage benefit 

¶ No swarf produced during insertion, simplifying cleaning prior to e-coating 

¶ Low noise emission (<80dB), spot welding is louder 

¶ Rivet insertion does not require any heat as it is compatible with adhesives 

¶ Low energy cost per rivet insertion, £0.000085 energy cost per rivet. (TechSpec 2019) 

¶ No waste material is produced (Barnes et al, 2000) 

2.6.2 Joint Strength and Fatigue Durability 

Using SPR creates joints with better static strength than for example that of spotwelding and better 

fatigue properties (Barnes et al, 2000, Henrob, 2005) as demonstrated by Figure 33 and Figure 34. 

 

Figure 33, Comparison of static strength of self-pierce riveted joints with joints made using other methods. 
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Figure 34, Comparison of fatigue properties of self-pierce riveted joints with joints made using other methods (Blows, 

2014) 

SPR joints perform very well under cyclic fatigue loading, testing of whole car bodies on four poster 

test rigs has shown that when a rivet loses its stiffness due to the hole in the aluminium around the 

rivet growing in size, the load path switches to another rivet, meaning that many rivets have to be 

fatigue damaged before a significant affect is achieved on the whole body structure. 

 

Figure 35, Cross sectioned rivets showing how SPR joints lose stiffness after severe cyclic loading (Blows 2014)  

SPR rivets create a water-tight seal which makes them resistant to corrosion due to rivet not piercing 

the bottom sheet (Vorobyov, 2013). Due to rivet insertion being a cold forming process there are no 

changes in material properties (on microstructural level) and there is little or no damage to pre-coated 

materials (Henrob, 2005, Gerritsen, 2016).  

The quality of SPR joints can be checked visually to a certain extent e.g. the button is symmetrical, of 

the correct diameter and shape and with no cracks. The tip of the rivet should not pierce the bottom 

sheet and the head of the rivet should be close as possible to the top sheet with no gaps under the 

rivet head (Gerritsen, 2016). 
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2.6.3 Costs 

The cost of rivets has fallen significantly over the last 20 years due to the increased production 

volumes enabling increased efficiency and utilisation of production plant; the cost of a rivet in 2006 

was around 4 to 5 pence, the cost of a rivet in 2019 is around 1 to 2 pence. This makes SPR far more 

cost competitive per joint against RSW which requires a lot of electrical power (Briskham, 2019). The 

cost of SPR equipment has also fallen and is now comparable to the cost of the adaptive RSW 

equipment used for aluminium or UHSS joining (Briskham, 2019). The lower costs are a result of 

number of combined aspects such as easiness of automation (Barnes, 2000), low energy consumption, 

fast cycle times, no requirements for pre-drilled holes (Barnes, 2000), water cooling, or extraction 

systems (Carle and Blount, 1999) all saving time, manpower and additional costs. 

In addition, the installation of SPR systems is relatively simple and less costly than for example 

equipment for welding (Barnes, 2000) as services like water cooling, high ampage electricity, and fume 

extraction are not required (Henrob, 2005, Vorobyov et al, 2013, Gerritsen, 2016).  

There are a few disadvantages to the SPR process which are outlined below. 

2.6.4 Access  

Access is required to both sides of the joints and an overlap flange large enough an 18mm nose and 

die are required. (Gerritsen, 2016) C-frame access studies are an important part of planning a SPR 

production cell to ensure there are no clashes as demonstrated in Figure 36, (Vorobyov 2013). Modern 

3D CAD systems make it simple to conduct access studies by importing different setter models into a 

CAD model of a car body and moving them around to check for clashes. 
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Figure 36, Access studies to check C-frame design needed for self-pierce riveting (Atlas Copco Riveting Guidelines 2019) 

2.6.5 High force 

Relatively high force is required for this forming process (He 1, 2016) which means that a heavy C-

frame is needed to align the nose and the die which might limit the capability of the tool (Gerritsen, 

2016). 

2.6.6 Process limitations 

There are some limitations in terms of the riveting direction, the main requirement is that stacks must 

have a thick enough sheets at the bottom so that there is enough space for the rivet to flare and to 

produce strong interlock.  (Briskham, 2016, Vorobyov, 2013) as demonstrated in Figure 37. 

 

Figure 37, Rivet insertion direction, left thick bottom sheet, right thin bottom sheet  

2.6.7 Permanency of the joint  

There is no easy option of removing the joint once the rivet has been set, as the material local to the 

rivet has been deformed and cold worked, (Gerritsen, 2016). If rivets need to be removed they can be 

pushed out (extracted) using a handheld rivlite tool with a cone shaped plunger and a hollow die to 

ǇǳǎƘ ƻƴ ǘƘŜ ǊƛǾŜǘ ǘŀƛƭ ŀƴŘ ǇǳǎƘ ǘƘŜ ǊƛǾŜǘ ƻǳǘ ΨƘŜŀŘ ŦƛǊǎǘΩ into the hole in the die; removing rivets using 

this tool is a fast and simple process. Replacement rivets are usually positioned next to where rivets 

were removed and not in the same location, to avoid the risk of lower performance to work hardening. 
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2.6.8 Use of consumable (i.e. rivet)  

The rivets are the primary costs of this joining technique (Gerritsen, 2016) and it means continued 

dependency on rivet suppliers. SPR supplies rely on high volume rivet sales to generate most of their 

operating profits, there is usually a very low profit margin on the equipment, (Briskham, 2016). 

2.6.9 Appearance 

The presence of a raised button on the die side of the joint is undesirable for some applications. The 

rivets are usually only used in locations where they will be hidden by trim and will not be visible to the 

customer using the car. Some car designs require a small number of visible joints, such as joining a car 

roof panel to a side panel, for these joints laser welding is usually used and the weld surface may be 

ground and polished before painting. (Gerritsen, 2016). 

2.6.10 Not suitable for brittle materials 

During the rivet insertion process a large scale plastic deformation occurs and the sheet materials 

need to have enough ductility to cope with this without cracking. SPR requires a ductile bottom sheet 

to flow into a die and allow the rivet to flare inside the sheet. The top sheet only needs to be pierced 

and does not need to be so ductile, but needs to be tough enough to resist cracking. 

2.6.11 Each joint needs individual configuration 

A key strength of SPR is that it is a repeatable and consistent joining process, however, each joint stack 

needs the correct configuration of rivet and die. Choosing the rivet type, length, diameter, hardness 

level, and coating, and combining this with the correct die profile requires good process knowledge 

and can require a lot of physical lab testing; this work will be significantly aided by the development 

of simulation. 

Current tooling restrictions mean that only one die and maximum of two rivets can be used on one 

rivet setter. In scenarios where several joints are requested on one setter, the testing needs to take 

this into a consideration and find one die and two rivets that are able to join all the stacks. This 

challenge is becoming simpler on the latest equipment models which can feed four different rivet 

types and have die changers. Combining four rivet feeds and a die changer makes the SPR setter far 

more flexible and means one cell can be used to make a number of different car body assemblies. Car 

makers are starting to use the same lines to make different car models; in order to be able to adjust 

the production volumes for each model based on customer order levels. The development of four 

rivet feeds and die changers has been conducted to respond to this new demand for very flexible 
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production cells, (Briskham, 2019). Figure 38 shows the variables influencing the quality of a self-

pierce riveted joint. 

 

Figure 38, Variables influencing SPR process (Atlas Copco Riveting Guidelines 2019) 

2.7 tƘȅǎƛŎŀƭ Ƨƻƛƴǘ ŀǎǎŜǎǎƳŜƴǘ 

With so many variables affecting the quality of a joint it is essential to have the means of assessing 

whether a joint is good quality and whether it will hold the sheets together with the strength required. 

There are several methods through which a joint can be assessed. 

2.7.1 Visual inspection of a joint 

By visually checking the joint after riveting, the following aspects can be assessed: 

Head height measurement with a hand held depth measuring device (DTI fitted with 18mm nose and 

flat tip). A high rivet head is a clear sign of not enough force or too longer a rivet being used. 

        

Figure 39, (left) Rivet Head Height Gauge with 18mm nose and flat tip, (right) User guide diagram. (AC SPR spec 2019) 

Gaps under the rivet head increase the corrosion risk and it is good practice to select riveting 

parameters that ensure the head is fully down. This can be checked by the naked eye or by testing 
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with a thin sheet of paper to try to get the paper under the head, if the paper can be pushed under 

the head, the rivet head is not down and the rivet should be inserted deeper. 

Cracks visible on the button ς most customers do not accept deep tears or cracks in the button, surface 

tears are allowed by some customers as long as they do not reach the rivet tip. 

Button cracking is rare when riveting ductile aluminium, but is a major joint quality topic when riveting 

low ductility aluminium die castings or 6XXX alloys in T6 condition.  The best way to avoid button 

cracking is to use very shallow dies or to heat treat the part to increase the ductility. Figure 40 below 

shows the difference between a good button and a button with cracking, these two buttons were from 

the same casting riveted before and after conducting a heat treatment. 

            

Figure 40, Example of button cracking in an aluminium casting being solved by heat treating the casting. (Briskham 2019) 

2.7.2 Cross sectioning 

External inspection of the joint can check a few things but does not check a number of parameters 

that can only be seen by opening up the joint. Cross sectioning shown in Figure 41 is frequently used 

in the industry to check SPR joint quality (Gerritsen, 2016). It is also used to compare simulated results 

with physical test results. The process of cross sectioning involves cutting the sample across the 

centre, followed by photographing and measuring the pictures. The joint is then assessed based on 

the criteria of three main measurements of head height, interlock and Tmin, which are usually 

specified by a customer with the guidance of the rivet manufacturer. 

 

Figure 41, Cross sectioned joint with measurements recorded on the image in the standard manner. (AC SPR spec 2019) 
%ØÁÍÐÌÅ ÌÁÙÏÕÔ ÆÏÒ 
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2.7.2.1 Measuring cross sectioned joints 

Explanations and specifications for the three main measurements are explained below. The range of 

values used for assessing joint quality were developed over many years by the most experienced 

riveting engineers at Henrob. Most customers use this criteria, some use their own pass/fail values. 

 

Table 3, Specification for how to measure a cross section (Atlas Copco SPR spec 2019) 

 

Figure 42, Recommended specification for pass/fail cross section measurement values a (Atlas Copco SPR spec 2019) 

2.7.2.2 Head height 

This is a distance by which the top of the rivet is sticking up above the top sheet or is buried below the 

surface of the top sheet. The ideal value for head height for Henrob rivets is to have a flush head i.e. 

0.00mm and the recommended value range for production operation is to stay between -0.2mm and 

+0.2mm. The images below show examples of different head height levels on two different joints. 
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Figure 43, Head height measurement examples, from left to right, head high, head flush, head buried 

2.7.2.3 Interlock 

This is the distance by which the rivet leg is inserted (flared) into the bottom sheet. The minimum 

recommended value for interlock is 0.4mm for 5mm rivets and / or when riveting together aluminium 

sheets and 0.2mm for 3mm rivets and / or when riveting together steel sheets. 

If interlock is less than 0.40mm in aluminium or less than 0.2mm in steel, the joint is considered to be 

a fail. Occasionally, the rivet does not manage to fully pierce the top or middle sheet which stays 

wrapped around the leg this is called Ψ²ǊŀǇ-ŀǊƻǳƴŘ ƛƴǘŜǊƭƻŎƪΩ. This is potentially sign of blunt tip or 

unsuitable choice of rivet, but is acceptable in some specific instances. Figure 44 & Figure 45, below 

shows examples of different amounts of interlock and how interlock is measured. 

     

Figure 44, Left to right, example of different amounts of interlock ς good, out of spec, and non-existent 
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Figure 45, Diagram showing how interlock is measure on different joint stacks (Atlas Copco SPR spec 2019) 

2.7.2.4 Tmin 

This is the thickness of the thinnest section of bottom sheet after the rivet has been inserted.  The 

minimum recommended value for Tmin is 0.2mm, some automotive manufactures accept a lower 

value as minimum spec.  

Failure mode for Tmin is a breakthrough or a value below the spec as this might lead to breakthrough 

due to vibrations and fatigue of the joint later down the line which might give rise to corrosion in the 

joint. The images below show examples of good and bad Tmin as well as a breakthrough. 

      

Figure 46, Example of a good Tmin and failure Tmin 

 

Figure 47, Diagram showing how Tmin is measured (Atlas Copco SPR spec 2019) 

On some joints it is difficult to achieve good measurement values on all areas and a compromise is 

made where Tmin is sacrified for interlock by pushing the rivet deeper to create a stronger interlock.  

2.7.2.5 Other joint assessment criteria 

Joints quality also depends on other criteria, such as 

¶ Cracked rivet leg ς sign of rivet over stressed,  see Figure 49 

¶ Asymmetric rivet legs ς sign of unsuitable rivet/die selection, see Figure 49 
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¶ Gaps under the rivet head ς sign of not enough force used 

¶ Cracks on the button - sign of die depth too deep for a brittle bottom sheet material 

¶ Buckled or collapsed rivet ς sign of unsuitable rivet or a non-feasible joint, see Figure 48 

¶ Rivet too long, see Figure 48 

¶ Unfilled bore in a T-rivet joint ς sign of stiff material or unsuitable rivet selection. 

¶ Lack of flaring ς unsuitable die selection. 

¶ Asymmetrical button ς sign of misaligned die, see Figure 49 

 

     

Figure 48, (left) Buckled rivet, (centre) Collapsed rivet, (right) Rivet too long. 

      

Figure 49, (Left) Asymmetric rivet legs, (centre) Cracks in rivet, (right) Misaligned die 

It is recommended that for statistical reasons minimum of five samples are made for each type of joint 

being compared. A number of statistical values are calculated for each of the measurements, such as 

average, maximum and minimum values, coefficient of variation, standard deviation, + and ς 3SD. For 

a large test study this data is presented in a line graph or a Bell curve distribution graph.  

It is common for the measurements for all of the joint stacks on a car body to be combined on a single 

table and for a traffic light system to be used to colour the joints as pass, marginal, or fail. 

2.7.3 Force displacement curves 

The process of rivet insertion can also be plotted as a force-displacement curve as illustrated below. 

Data for this curve is obtained by correlating the force with which the rivet is inserted with the punch 

displacement or time of stroke. The curve usually has a very characteristic shape and is used as a 

method of quality control checking on the rivet setting equipment which looks for a deviation from 

the typical shape as a deviation indicates faults in the process (Gerritsen, 2016). The literature review 

has revealed that this curve has been used for comparison between the numerical and experimental 

results in almost every study available. 
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Figure 50, Force-displacement curve (TWI, 2016) 

2.7.4 Tensile Strength 

This test is used to assess the strength of a joint by pulling apart on an Instron tensile test machine. It 

is predominantly used only when the interlock value does not meet the SPR spec to check if a below 

spec joint can be used on a car body. There are three main types of strength tests for shear and peel 

modes of loading. The joints are riveted together in a different manner for each as shown below. 

 

Figure 51, Tensile test joint configurations for SPR joints. (Atlas Copco SPR spec 2019) 

 

For simplicity all three joint types are made using the same 120x38mm coupons. The joints are held 

in wedge grips or test fixtures and pulled apart until the sample breaks. The resulting graph below 

shows a typical example of a force v displacement output curve and max strength measurement. 
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Figure 52, Example of a graph from tensile test of a lap shear joint, and diagram of grips holding the test sample (PR ES, 

2018). 

There are several modes of joint failure occurring in a strength test, as shown in the images below. 

 

 

Figure 53, Failure modes of SPR joint. (AtlasCopco SPR Spec 2019) 
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The strength of the joint is then evaluated and a decision is made whether to move the joint to a 

different setter or leave it in its current location. 

2.8 ¢ȅǇŜǎ ƻŦ ǘŜǎǘƛƴƎ ƛƴ {tw 

One of the disadvantages of SPR, as mentioned previously, is the fact that all joints need to be 

individually configured. This means that a correct rivet and die type need to be selected based on the 

characteristics of the materials to be joined. There are some rough guidelines on what works and what 

does not, for example, if one or more sheets in the joint is steel a harder rivet might need to be 

selected. Overall thickness of the sheets is also an important factor and general rule is to select a rivet 

that is 2mm longer than the total thickness of all sheets to be joined. 

Alongside of the rivet selection, shape, depth, and width of the die needs to be considered. For 

example, if the material on the die side (bottom sheet) is a brittle material, then a shallow and wide 

die should be used to prevent cracking of the material. 

2.8.1 Feasibility testing 

These tests are usually either a single or a 5 off sample tests to estimate how the material responds 

to a rivet and die selected based on the tacit knowledge. The selection might need to be adjusted if a 

cross section shows some shortcomings such as insufficient Tmin or interlock. Or for example a softer 

rivet or shorter rivet might be selected next to encourage flaring or improve Tmin respectively. 

However, there is an additional complication to these feasibility tests which leads to more tests. 

2.8.2 Further assessments 

As mentioned above, there are joints that may not comply with the AC specification, the suggested 

measurements generally provide a good balance of a strong joint and realistic joint. 

If a rivet is selected as part of the rationalisation process meaning that it might not the perfect 

configuration for a given joint (for example too long to accommodate other joints on the setter) it 

occasionally happens that the rivet is not set to its full length to preserve the Tmin. This could create 

a problem if the joint is situated in an area where corrosion is likely to occur. This condition was 

recently observed on a new electric car made by a competitorsΩ riveting equipment, where a number 

of rivets in potential wet areas had proud heads with underhead gaps. 

In case of Tmin, the failure mode is usually a breakthrough or possibility of a breakthrough due to 

Tmin values around 0.10mm and less. The same corrosion concerns apply here, as if the rivet tip breaks 
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through the tip is exposed and could corrode in a wet environment if the paint coating added after 

rivet insertion is damaged. 

In case of both, a decision needs to be made if the location of the joint will be likely to see moisture. 

If not, the rivet is usually allowed to remain in its location, if yes, a change to fastener planning needs 

to be made e.g. different rivet or rivet coating  needs to be selected. 

If the interlock does not comply with the engineering specification, the concern shifts from corrosion 

to the strength of the joint. In this case, a subsequent testing of the strength of the joint takes place 

and the strength of the joint is then evaluated and a decision is made whether to move the joint to a 

different setter to use a different rivet/die combination to make a stronger joint or leave the joint in 

its current location and accept the reduced interlock. 

2.9 /ǳǊǊŜƴǘ ǳǎŜ ƻŦ {tw 

CƻƭƭƻǿƛƴƎ !ǳŘƛΩǎ ǇƛƻƴŜŜǊƛƴƎ ǊŜǎŜŀǊŎƘ ƛƴǘƻ {tw ƛƴ ŎƻƭƭŀōƻǊŀǘƛƻƴ ǿƛǘƘ IŜƴǊƻō in the 1990s, other 

automobile producers followed suit and in 2004 Jaguar-[ŀƴŘǊƻǾŜǊΩǎ ·W ǳǎŜŘ ƻǾŜǊ оллл ǊƛǾŜts in their 

vehicle body made of Aluminium 5XXX with Aluminium 6XXX skin panels (Davies, 2012) and has been 

continuing this trend with all their subsequent vehicles. Volvo used the SPR method to join high 

strength steel on their FH12 truck (He et al., 2008, Litherland, 2016). 

Other automobile producers who now employ this joining method to various degrees include Daimler, 

Ford, Toyota, Nissan, London Taxi, BMW, Hyundai, and Aston Martin, especially in aluminium intensive 

vehicle designs (Henrob, 2016, Briskham, 2016) The typical use of self-pierce riveting is in car bodies, 

closures (i.e. bonnets, hoods, trunk lids, boot lids, doors, window regulators etc. (Henrob, 2016), sub-

assemblies and truck cabs (Briskham, 2016). Tier one suppliers also use SPR in sunroof manufacturing 

(Henrob 1, 2016). SPR is also widely used across transportation industry and includes buses and 

coaches, boats and seating on aeroplanes, caravans and trailers (Henrob 1, 2016). Other uses of SPR 

include industries such as air-conditioning (Henrob 2, 2016), road signs manufacturing (Henrob 3, 

2016) and manufacturing of water tanks and grain silos (Henrob 4, 2016). The predomninant use of 

SPR, however, remains with automotive industry and this is currently expanding from Europe into 

Chinese and Japanese markets too. 

2.10 {tw ƛƴƴƻǾŀǘƛƻƴǎ 

There is demand from car manufacturers to continuously improve the technology and come up with 

new and improved designs (Lai and Brun, 2007). Due to this demand there is already a vast body of 
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research on SPR. The rivet manufactures (e.g. Henrob, Tucker, Bolhoff) as well as various institutions 

for materials joining such as TWI (2016) have produced publications about SPR. Fu 2001, started 

exploration into the effects of geometry as well as process parameters such as rivet length, diameter, 

hardness, die shape etc. on the joints. This was followed by similar experimental research by Abe et 

al, (2006), Sun and Khaleel (2007) and Sun et al (2007) which concentrated on three areas of the self-

pierce riveting, i) effect of various process parameters and geometry on the joint, ii) mechanical testing 

to define static and dynamic strength using a number of different types of loading (e.g. shear, tensile) 

and iii) determining relationships between the SPR process parameters and mechanical behaviour of 

joints. 

Pickin (2007) conducted research aimed at joining lightweight sandwich sheets to aluminium using 

SPR in order to see how sensitive these materials are when joined with aluminium. Mutsumura (2007) 

also used SPR to join dissimilar materials, in particular and aluminium alloy roof with a steel car body.  

Fratini and Rusi (2009) explored use of SPR with hybrid joints of aluminium and composites. Johnson 

et al worked on online monitoring methods of the mechanical interlock without destructive testing 

(2010). Also in 2010, Han et al focused attention on comparing the resistance spot welded and SPR 

joints. More recently, Wood et al (2011) focused on exploring the reliability of SPR joints at typical 

automotive crash speeds using U-shaped tensile test pieces. 

In addition there are other technologies being combined with SPR to improve the joining ability of 

SPR, these will be briefly described in the following paragraphs. 

2.10.1 Laser assisted SPR (LSPR) 

One of the disadvantages of SPR is that all sheets to be jointed require a sufficient ductility to form 

around the rivet and inside the die. However, some materials do not have this level of ductility and 

riveting these as bottom sheets would result in cracking in the bottom sheet (Liu et al, 2012). If the 

cracks are too severe the entire bottom part of the joint can essentially fall off ς as shown in the below 

image. 

  

Figure 54, Cracks in the button leading to the button falling off exposing the rivet tips. (Jäckel 2016) 
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This was the case with a joint required to have AZ31 magnesium sheets on the bottom of the joint 

which was attempted by Durandet et al (2010) as well as a joint with 7075 T6 series aluminium  which 

is known for low ductility, as researched Jäckel (2016). To invent a solution, the joint stack was pre-

heated by a laser beam before the rivet insertion. This produced a joint without cracks and revealed 

that the ductility was increased to an optimum at temperature between 180°C and 210°C. However, 

this also resulted in increased costs by adding heating equipment (Jäckel et al, 2014), increased cycle 

time (up to 5s) and it potentially can cause liquid metal embrittlement failure of the rivet due to 

melting the zinc alloy rivet coating. (Durandet et al, 2010, Wang, 2011).  

 

Figure 55, Difference in button cracks without use of laser and with use of laser (Durandet, 2008) 

2.10.2 Friction SPR (F-SPR) 

Due to the increased use of low ductility 7xxx series aluminium along another method combining SPR 

with friction stir spot joining has been researched. In this method, a rivet with a slotted drive head is 

inserted into the sheets whilst also being rotated. The high speed rotation combined with downward 

force creates frictional heat which heats the substrate material and increases its ductility helping the 

rivet to penetrate and flare more easily. The heat generated in the top sheet passes through to the 

bottom sheet helping to also raise the ductility of the bottom sheet. (Wei et al, 2015, Ma et al, 2015)  

 

Figure 56, Schematic diagram showing the process of friction stir SPR 
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2.10.3 Hydro-formed SPR (HF-SPR) 

As with the previous method, this method has been researched with materials with low ductility in 

mind. In this process, a die is replaced by highly pressured fluid which is used the shape bottom sheet. 

The fluid provides constant support while the button is formed reducing the occurrence of cracks 

(Neugebauer, 2005). 

 

Figure 57, Schematic diagram of hydro forming SPR process (Haque, 2017). 

2.10.4 Adjustable die option 

Another variant of the above method is to use a flexible die instead of high pressure fluid, as 

researched by Drossel (2014) when working on a joint with a hard and brittle cast aluminium as 

bottom sheet. This also provided constant support while the button was formed, reducing cracking. 

2.10.5 Kerb Konus Solid SPR (S-SPR) 

Another method that has recently been developed is solid self-pierce riveting using rivets with 

grooved shanks. In this method, a hollow die is used to punch out a disc and allow it to fall away, a 

raised ring around the die is then used to push aluminium against the rivet shank to fill the grooves 

ion the rivet shank and hold the rivet in place. (Jäckel et al, 2014). The main weakness of this approach 

is that the joint strength is dictated by the strength of the aluminium pushed into the grooves on the 

rivet shank. 

    

Figure 58, Examples of Kerb Konus solid self-pierce riveting (Jäckel et al, 2014). 
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Conducting research investigations of this type using physical testing is lengthy and costly, and it is 

difficult to cover a thorough design of experiment on each of the aspects of the process. (Miller, 2016). 

Furthermore, apart from the few aspects of the process which can be properly monitored such as 

punch force and displacement, a lot of the process aspects cannot be monitored in real life and can 

only be studied once the test is completed (Gruijicic et al 2014). For example it is not possible to stop 

a rivet insertion part way through to examine the cross section when the rivet is being inserted at very 

high speed, as the speed must be slowed down to stop at a part way through position. 

FEA simulation of rivet insertion has significant potential to support rivet development studies and 

reduce the amount of physical testing required as well as expanding the range of conditions that can 

be investigated. 
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The field of finite element analysis has improved immensely in recent years and is frequently 

employed to aid engineering processes. However, insertion of self-pierce rivets is a rather complex 

process including a number of stages such as forming, piercing and large scale plastic deformation. 

Coupled with the fact that the behaviour of joints is influenced by a large number of variables, 

successful simulation of an SPR joint is a complex and demanding task. 

The rest of this chapter is a review of Finite Element Analysis (FEA) in general to provide a platform 

for the next chapter which is a focused review of FEA work conducted on SPR insertion.  

3.1 ²Ƙŀǘ ƛǎ CƛƴƛǘŜ 9ƭŜƳŜƴǘ !ƴŀƭȅǎƛǎ π LƴǘǊƻŘǳŎǘƛƻƴ 

In short, the finite element analysis (FEA) is a numerical method for solving problems of engineering 

and mathematical physics. It is generally used for problems with complex geometries and where the 

accuracy of results is required to be much higher than that of an analytical solution (Hutton, 2004). 

The fundamental concept behind the finite element analysis has been explained very simply by 

Zienkiewics , the author of what is considered to be the first textbook on FEA (1967) who proposes 

that our minds cannot grasp behaviour of our complex surroundings in one operation and therefore 

we divide them into parts, or elements, behaviour of which can be comprehended more easily. These   

are assembled into a model, behaviour of which can then be studied more readily. This process of 

dividing systems into elements is called discretization and models created this way can be called 

discrete problem. (Zienkiewics, 1967). 

There are situations where this subdivision continues infinitely and the problem can be defined only 

by using the mathematical fiction of an infinitesimal. This can be referred to as continuum. Having 

established this, Zienkiewics (1967) proposes that finite eƭŜƳŜƴǘ ƳŜǘƘƻŘ Ŏŀƴ ōŜ ǎŜŜƴ ŀǎ ŀ άƎŜƴŜǊŀƭ 

ŘƛǎŎǊŜǘƛȊŀǘƛƻƴ ƻŦ ŎƻƴǘƛƴǳǳƳ ǇǊƻōƭŜƳǎ ǇƻǎŜŘ ōȅ ƳŀǘƘŜƳŀǘƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ǎǘŀǘŜƳŜƴǘǎέΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ǿƛƭƭ 

enable approximation to the solution of continuum problems.  In his book, he further suggests that 

approximation to the continuum occurs as per below: 

¶ ά¢ƘŜ ŎƻƴǘƛƴǳǳƳ ƛǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ŀ ŦƛƴƛǘŜ ƴǳƳōŜǊ ƻŦ ǇŀǊǘǎ όŜƭŜƳŜƴǘǎύΣ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ ǿƘƛŎƘ ƛǎ 

specified by a finite number of parameters, and 

¶ The solution of the complete system as an assembly of its elements follows precisely the same 

ǊǳƭŜǎ ŀǎ ǘƘƻǎŜ ŀǇǇƭƛŎŀōƭŜ ǘƻ ǎǘŀƴŘŀǊŘ ŘƛǎŎǊŜǘŜ ǇǊƻōƭŜƳǎΦέ 
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3.2 .ǊƛŜŦ ƘƛǎǘƻǊȅ ƻŦ CƛƴƛǘŜ 9ƭŜƳŜƴǘ !ƴŀƭȅǎƛǎ 

The first interest in the subject can be traced as far back as 17th and 18th century when atomic 

structure of matter was explored which led to discovery of crystallinity.   By the end of 18th century, 

scientists laid the foundations for mathematical and physical descriptions of material properties and 

materials processing (Schmitz et al, 2016). Since then the theory of plasticity has been developed and 

explored by many different scientists (Schmitz et al, 2016) with Ritz establishing a method for solving 

mechanics in deformable solids in 1909. This theory involved a minimization of energy functional and 

system of equations (Ritz, 1909). This system had a restriction in that the minimized functions do not 

satisfy the boundary conditions. 

This has been solved by Courant in 1943 by adding special linear functions defined over triangular 

regions. This was followed by a development by Clough, resembling that of Ritz and Courant, and this 

work for the first time introduced finite element (Clough, 1960). Further development of FEM was 

facilitated by invention and continuous improvement of computers which allowed high volume of 

mathematical calculations needed for FEM (Smitchz, 2016). Further contribution was made to this 

field by scientists such as Zienkewics (1967), Turner (1956),  Hrennikov (1941)  etc. in 1960 and 

followed by introduction of Nastran software in 1965 by John Davidson (Smitchz, 2016). 

This led to establishment of FEM as a tool in manufacturing (Smitchz, 2016) and structural and solid 

mechanics (Barkanov, 2001) since 1980 and with many software packages available at present day it 

is now widely used in order to solve problems in various other engineering areas such as heat transfer, 

fluid dynamics (Barkanov, 2001), electromagnetic fields, soil mechanics, acoustics and biomechanics 

(Tura, 2016). Some of the most used ones are Ansys, MSC.Nastran, LS-Dyna, MSC.Marc, Abaqus, Lisa, 

Simufact (Barkanov, 2001). 

3.3 CƛƴƛǘŜ 9ƭŜƳŜƴǘ !ƴŀƭȅǎƛǎ ǎǘŀƎŜǎ 

The FEA process can generally be divided into three main stages which are all carried out by an FEA 

software. Each of these stages is described in the following section. 

3.3.1 Stage 1 ς Pre-processing 

This stage could also be described as discretizing the continuum (Nikishkov, 2004). In the first step of 

this stage, a geometric domain of the problem needs to be determined which means converting an 

engineering problem into a model that can be solved by FEA (Hutton, 2004).  
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This is followed by division of the model parts into system of many smaller bodies or units. These are 

called finite elements and are interconnected at points (or nodes) common to two or more elements 

or boundary lines or surfaces (Hutton, 2004). 

This step also includes establishing the types of elements to be used as well as establishing their 

geometrical properties (i.e. length) and material properties since the elements represent the physical 

properties of the domain for example mass, stiffness etc. (Simufact, 2013, MSC.Marc, 2013).   

Next stage is the definition of the element connectivities i.e. meshing followed by definition of the 

loads as well as physical constraints i.e. boundary conditions. (Hutton, 2004) which for example 

includes prescribed force, displacement etc. (Qi, 2006). All of these steps apart from the first one 

(converting the engineering problem into a model) is done by a part of the FEA software called mesher. 

The first step is usually completed by CAD or similar engineering software. 

3.3.2 Stage 2 ς Solution 

During this stage, the FEA software computes the unknown values of the primary field variable takes 

place (Hutton, 2004). In order to achieve this, the interpolation functions are determined. These are 

used to interpolate the field variables over the element and often are polynomials. Degree of 

polynomials is determined by the number of nodes allocated to the element. This stage also aims to 

find the global equation system by assembling all element equations and formulation of an equation 

matrix which connects the nodal values of the unknown functions to other parameters (Nikishkov, 

2004) and this is solved by direct and iterative methods.  

Once the solving of the global equation system takes place which results in the resulting nodal values 

of the function are available (Nikishkov, 2004) additional parameters such as stresses, strains, reaction 

forces, heat flow etc. can be calculated by back substitution (Hutton, 2004). 

3.3.3 Stage 3 ς Post-processing 

In this stage the postprocessor software is employed and processes the results by for example sorting, 

plotting and visualising the new shape of the object, animating the model and producing colour-coded 

charts detailing various parameters of the model (Hutton 2004, Qi, 2006). 
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Figure 59, Post processing tasks (Dixit et al, 2013) 

3.4 ¢ȅǇŜǎ ƻŦ C9! 

Based on the level of stress exerted on the workpiece, FE analysis can be classed as static, dynamic or 

quasi static. These are considered separately below. 

3.4.1 Static analysis 

A simulation is classed as static when yield strength of the material remains greater than stress 

generated by external loading. 

 „  „  Eq. (1) 

   

This means that the workpiece is remaining in the elastic range of the stress-strain curve and does not 

undergo a plastic deformation.  

Any change in shape is usually neglected in the next step as it is assumed that the workpiece 

undergoes elastic recovery. 

The external loading can further be considered time independent and acceleration in this case equals 

zero which means the sum of external forces are also zero and mass can therefore be neglected 

(Mashayekhi, 2016, Harish, 2019). 
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 ВὊ ά ὥz ά πz π Eq. (2) 

 

Static analysis is often used to solve structural problems (Mashayekhi, 2016). 

3.4.2 Dynamic analysis 

Dynamic analysis on the other hand involves those simulations in which the generated stresses from 

external loads are higher than yield strength of the material. 

 „  „  Eq. (3) 

 

This means that due to the external stress the workpiece entering the plastic range of the stress strain 

curve is undergoing a plastic deformation which is no longer linear. The loads and changes of shape 

are no longer neglected and instead are considered as a continuous variable and the calculations in 

each step reflect this. The external loading is time dependent and the acceleration is not zero which 

means that inertia effects should be considered as prescribed by equation  

 ВὊ ά ὥz Eq. (4) 

 

This type of analysis can be used to resolve high impact problems (Mashayekhi, 2016, Harish, 2019). 

3.4.3 Quasi static analysis 

The last category, a quasi-static analysis, is placed between the above two, where the external loading 

is time dependent but inertia effects are so small that they can be neglected and the system can be 

solved as a static problem. 

 ВὊ ͯ π Eq. (5) 

 

This type of analysis can be used in cases such as metal forming, where non-linear problem up has 

been broken down to a set of linear equations at very small increments using for example Newton-

Raphson method (Mashayekhi, 2016, Harish, 2019).  

²Ƙƛƭǎǘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ŀƴŀƭȅǎŜǎΩ ǘȅǇŜǎ ƭƛǎǘŜŘ ŀōƻǾŜ ŀǊŜ ōŀǎŜŘ ƻƴ physics, there is also 

another classification of FEM analysis based on the how the solver is calculating the results - explicit 

and implicit (Mashayekhi, 2016, Harish, 2019). 
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3.4.4 Implicit analysis 

Both explicit and implicit analyses start in the same way, with expectation of non-linearities, the load 

is not applied all at once, but rather split into smaller parts called steps or time steps and applied 

progressively. The steps are further split into sub steps that are referred to as increments and this is 

where the differences between the two come to the fore (Crisfield, 1991, Yaw 2009).   

In both types, after each increment stiffness matrix is updated, however, the implicit analysis attempts 

to balance the externally applied forces with the internal reaction forces at the end of each increment. 

However, it is not easy to reach a complete equilibrium and to make this more possible, tolerances 

are set determining a value acceptably close to equilibrium that the balancing of the forces should aim 

to reach 

In order to do this, Newton Raphson iterations are used. This, in very simplistic terms means that the 

software takes a guess at reaching the equilibrium. If it is within the specified tolerances, the 

increment can be completed and the solver moves onto the next one. If it exceeds the tolerance, the 

software carries out an iteration of the calculations starting with a smaller value in order to reach the 

equilibrium. The process is repeated until the tolerances are achieved and this can also be referred to 

as converged solution (Crisfield, 1991, Yaw 2009). 

The results are regarded as unconditionally stable as large timesteps are possible and this method 

provides a great degree of accuracy. Disadvantage can be that this is resource heavy process, which, 

when short process time or complex processes are required, is not suitable. 

3.4.5 Explicit analysis 

In the explicit analysis on the other hand, there is no requirement to achieve the equilibrium between 

forces and so there are no tolerances set and consequently there are iterations and no convergence 

check. Due to lack of equilibrium enforcement, the provided solution may not be as accurate as the 

one achieved by implicit solver in the same amount of steps.  This is because small variations in results 

are magnified with each step without the tolerances, causing the result to continuously deviate from 

physical results. The accuracy of results can be improved but a large number of very small steps must 

be used which may lead to the process be only conditionally stable (Crisfield, 1991, Yaw 2009, Dixit 

2013). 

An example of the differences can be demonstrated by looking at results of displacement calculations 

in a simple 2D model of a bar in tension (Yaw, 2009). 
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Figure 60, 2D model of bar in tension 

 

a                                                                                      b 

Figure 61, Simulation using implicit and explicit analysis. (a) in three steps, (b) in twenty steps (Yaw, 2009). 

In Figure 61 (a) a simulation has been completed using both implicit and explicit analysis in three steps. 

When compared against the exact solution a visible deviation can be seen from the measured results 

whilst this has been improved in Figure 61 (b) where the same explicit analysis has been carried out 

but using twenty steps which means they are much smaller. 

In term of decisions as to which solver to use, both explicit and implicit can do all three type of FE 

analyses ς static, quasi static and dynamic, however, there are factors that may influence suitability 

of each for a specific purpose. For example, the implicit analysis might give better results however, it 

is on the expense of time and hence is used more often in static problems where the calculations may 

not be as extensive (Yaw, 2009). 

3.5 {ǇŜŎƛŦƛŎ ƳŜǘƘƻŘǎ ǳǎŜŘ ōȅ {ƛƳǳŦŀŎǘ ǎƻŦǘǿŀǊŜ 

Since the software was selected before the PhD started, it is appropriate to focus on the specific 

software and look at the type of methods it employs. 

The selected software, as mentioned earlier, is Simufact forming and as a solver, it uses an improved 

version of MSC.Marc software from MSC Software company (Dixit et al, 2013, Simufact, 2011). 
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This solver uses both implicit and explicit analysis in its two available technologies, implicit for Finite 

element solver and explicit for Finite volume solver. The finite volume solver tends to be used for flash 

forgings such as crankshaft hot forging whilst the finite element solver can be used for majority of all 

other cases (Dixit et al, 2013, Simufact, 2011) and is used forming and SPR. The focus of this work, 

therefore will be on Finite element implicit analysis. 

Material forming is usually governed by non-linearities and hence non-linear equations. The 

MSC.Marc solver includes equations that cover the following (Dixit, 2013, Simufact, 2011): 

Material non-linearities ς includes various dependencies of material descriptions on for example 

temperature, deformation rate, porosity and whether the material is subjected to elastic deformation 

only or elasto-plastic deformation.  

Geometric non-linearities ς includes for example large deformation, present in most of the metal 

forming problems. 

Non-linear boundary conditions ς includes contact of workpiece and die, friction behaviour etc. 

To solve these types of non-linear equations an incremental approach is needed by the solver. As 

explained in the section on implicit FEA, Newton-Raphson iterations are used by Marc solver to solve 

the non-linear equations which means that calculations are repeated until the solution is within the 

criteria set by the solver i.e. and only then it is considered to be converged (Yaw, 2009, Dixit, 2013, 

Simufact, 2011). There are two methods to check if the increment meets criteria: 

Residual checking ς with this method, as explained earlier in the section in implicit analysis, the solver 

checks the residual which in this instances is the difference between the externally applied forces and 

internal reaction forces. If the forces are in equilibrium and the difference between the two is within 

pre-specified criteria i.e. control tolerance, the solution for that specific increment has converged and 

the calculations can move onto the next increment (Yaw, 2009, Dixit, 2013, Simufact, 2011). 

Displacement checking ς this is the alternative to the residual checking in implicit analysis and the 

criteria is considered to be met when the maximum displacement of the last iteration is smaller than 

the displacement change of the increment (Dixit, 2013, Simufact, 2011). MSC.Marc solver uses this 

method for its calculations. 

In terms of the mesh approach, the MSC.Marc solver uses the updated Langrangian method (Dixit, 

2013, Simufact, 2011). The simplest way to explain this method might be to demonstrate the 

difference between this method and its counterpart that is used as an alternative, the Eulerian 

approach.  



Chapter 3: Review of Finite Element Analysis (FEA) 

Zuzana Kotercova - May 2020   55 

Langrangian method ς with this method the materials, which essentially refer to all meshed parts of 

simulation (in this case the rivet and sheets) are moving with the mesh which deforms at the same 

time with the material. The quadrature of the elements coincide with the points of the material 

throughout the simulation and the boundary nodes remain on the boundaries of the materials 

(Belytschko et al, 2000). 

Eulerian method ς with this method, the same materials pass through the mesh which however is 

fixed in space and so does not deform with materials (Belytschko 2000). 

The below image provides a simple illustration of the two methods.  

            

Figure 62, Lagrangian method (left), Eulerian method (right)  (Belytschko 2000). 

In terms of the solution stage, the solver used in this software, MSC.Marc, is based on the 

displacement method. This method relates the force displacements to the stiffness of the system. For 

example, the basic force displacement for a linear static problem is (Dixit et al, 2013, Simufact, 2011) 

 
ὑό Ὢ 

Eq. (6) 

K ς stiffness matrix 

u ς nodal displacement 

f ς force vector 

In 2D case, the governing equation would be: 

 
ὑρρὑρςόρ
ὑςρὑςςός

   
Ὢρ
Ὢς

 

Eq. (7) 

Calculation of displacement leads to further calculation of the strain can in individual elements can 

based on the element displacement: 

 
 ‍ό 

Eq. (8) 

The stresses in the element are obtained from the stress ς strain relations: 
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ʎ = ὒ  

Eq. (9) 

eʑl ς strain in element 

èl - stress in element 

uel ς displacement vector associated with the element nodal points 

ʲ ς strain-displacement relation 

L ς stress-strain relation 

The equations for other procedures within the solving process also use stiffness method and therefore 

similar to the above. For example, a governing equation for thermo-mechanical calculation will be as 

follows: 

 
ὑὝό Ὢ 

ὅὝὝ ὯὝὝ ὗ ὗ 

Eq. (10) 

C ς heat capacity matrix 

K- thermal conductivity matrix 

Q ς thermal load vector (flux) 

T ς time derivative of the temperature 

Q1 - internal heat generated due to inelastic deformation 

In both equations, the stiffness matrix K, heat-capacity matrix C, and thermal-conductivity matrix k 

are all dependent on temperature. 

The finite element system is comprised of local element systems. So for example, the global stiffness 

matrix K can be expressed in terms of element stiffness matrix ὑ  

 

K = В ὑ  
 

Eq. (11) 

n is the number of elements in the system. Then element stiffness matrix can be then expressed as 

 

‍Ὕ ὒ‍Ὠὠ  

Eq. (12) 

ὠ -  Volume of element 
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It should be highlighted that all the equations and calculations are handled entirely by the software 

and the user selects parameters via graphic user interface (GUI). 
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4.1 tŀǊŀƳŜǘŜǊǎ ǘƻ ŎƻƴǎƛŘŜǊ ƛƴ C9 ŀƴŀƭȅǎƛǎ ƻŦ {tw 

The ever increasing capabilities of the CAE and specifically FEA softwares and codes is becoming an 

essential part of manufacturing (Altan, Tekayya, 2012), however, to use these methods effectively, 

some understanding of the main variables involved in simulation of the given process is essential. 

According to Altan and Tekayya (2012), the following areas are of metal forming are to be considered 

in context of simulation: 

¶ Material behaviour ς material characterization 

¶ Friction, lubrication and coatings 

¶ Process description ςe.g. boundary conditions, type of press, speed of insertion, clamping, C-

frame deflection. 

¶ wƛǾŜǘǎΩΣ ŘƛŜǎΩΣ ǎƘŜŜǘǎΩ ŀƴŘ ǘƻƻƭǎΩ ƎŜƻƳŜǘǊƛŜǎ   

In addition, in FEA process itself there are several factors that are considered important to the 

simulation process. Correct set up of these will influence the simulation and its accuracy  

¶ Simulation process parameters:  

¶ Process type selection - 2D or 3D 

¶ Mesh 

¶ Selection of contact and time step type 

¶ Process type selection - mechanical or thermo-mechanical model 

¶ Mechanics of damage  

The above factors will be introduced in depth in the next few sections in order to lay foundations for 

the experimental part of this project.  
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4.1.1 Simulation process parameters 

4.1.1.1 Process type 

A general procedure to accelerate simulation is to reduce dimensions of model i.e. from 3D to 2D 

where possible. Therefore, the software allows the user to select whether the numerical analysis 

should be in: 

¶ 3D  

¶ 2D axisymmetric models 

¶ 2D planar  

An example of such simplification can be a process of a ring compression (Figure 63). By selecting the 

2D-axisymmetric model, the Figure 63a can be simplified to Figure 63b. 

    

a                                                                                           b  

Figure 63, Example of model simplification from 3D to 2D axisymmetric (MSC.Marc, 2013). 

If the model geometry and forming conditions are homogeneous in one of the three dimensions and 

the length of that dimension is much longer than the other two dimensions, the simulation type 2D 

plane strain can be selected as shown in Figure 64. 

 

a                         b   

Figure 64, Example of model simplification from 3D model to 2D plane strain model (MSC.Marc, 2013). 
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Due to rotationally symmetric nature of SPR, a 2D axisymmetric model has been determined the most 

suitable (example in Figure 65) and has been therefore used in all simulations throughout this work. 

                                 

Figure 65, Axisymmetric view of an SPR joint completed in simulation 

For presentation of the results, the software can revolve 2D axisymmetric model to be presented as 

the full 3D model ς as shown in the image below. 

 

Figure 66, Completed simulation of 2D axisymmetric model viewed as 3D 

Most of the results in this work are presented in the 2D axisymmetric mode for ease of comparison 

with a physical cross section for purposes of model validation. 

4.1.1.2 Meshing 

4.1.1.2.1 Initial mesh creation 

Another parameter of setting the simulation process up is creating mesh or discretizing. As mentioned 

previously in the introduction of the FEA section, discretizing is one of the processes that takes place 

during the pre-processing stage of the simulation. This means that a body is split into smaller parts, 

the behaviour of which can be more readily calculated and predicted. These small parts are called 

elements and they are connected by nodes to create a mesh. A simplified view of this is offered in Fig. 

33. 

 

Figure 67, Simplified view of elements (MSC.Marc, 2013). 
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4.1.1.2.2 Types of elements 

There are different types of elements which can be generally divided into categories based on number 

of dimensions they are taking into consideration (Benham et al, 1996): 

 

Figure 68, Types of elements (Benham, 1996) 

In general, the more elements the analysed body is subdivided into i.e. the smaller the elements, the 

greater the accuracy of simulation results. However, a very high number of elements can also lead to 

a very long computational time (Benham, 1996, Hutton, 2004). 

There are a few general rules that are suggested to follow when attempting to mesh components of 

the simulation model. 

¶ The mesh should have at least three elements (better still five elements) over the workpiece 

thickness to cover bending stresses.  

¶ The mesh should be fine enough to describe the geometry accurately. 

¶ The mesh should be fine enough to cover gradients as accurate as possible (MSC.Marc, 2013). 

To demonstrate the difference between a coarse and a finer mesh see Fig. 34. In the first picture the 

visibly coarser mesh does not describe the geometry as accurately as the smaller elements in the 

second picture. 

 

Figure 69, Course and fine mesh illustration (MSC.Marc, 2013). 

Element type Dimension
Visual 

representation 
Used for modelling of

Spring 1D Simple spring

Line 1D Rod, bar, beam

Triangle 2D
Membrane, thin plate, sheet. Modelling plane 

strain and plane stress situations and 2D 

axisymmetric scenarios e.g. rivet insertion.

Quadrilateral 2D
Membrane, thin plate, sheet. Modelling plane 

strain and plane stress situations and 2D 

axisymmetric scenarios e.g. rivet insertion.

Tetrahedron 3D
Membrane, thin plate, sheet. Modelling plane 

strain and plane stress situations and 2D 

axisymmetric scenarios e.g. rivet insertion.

Hexahedron 3D
Thick plates, bricks. Modelling 3D scenarios 

e.g. tensile tests.
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It is recommended to conduct a sensitivity study to arrive at an ideal element size for any simulation. 

This involves running multiple simulations of the same process with different element sizes and 

comparing the results until there is no notable difference between the accuracy and resemblance with 

the experimental test. The ideal element size is one that follows the suggested rules as per above and 

is a good compromise between results accuracy and reasonable computation time. 

One other important aspect of meshing is also the direction of meshing. There are two directions, the 

mesher can start building the mesh from the middle of a component outwards (Figure 70a) or the 

other way round, starting from the edges and moving towards the middle of the component (Figure 

70b). 

 

a                                                          b 

Figure 70, Two different types of  meshing directions. 

a) Mesh being built from middle outwards, b) Mesh being built from edges towards the middle (MSC.Marc, 2013) 

Both instances have advantages and disadvantages but essentially the area in which the mesher starts 

building the mesh first is going to have solid good quality elements whilst the parts in which the mesh 

is created last might be elements that are not as solid. It is recommended to use the meshing direction 

from outside towards the middle and hence good quality mesh on the outside for components that 

are likely to experience damage as this usually starts from the outside (MSC.Marc, 2013). 

4.1.1.2.3 Refinement windows 

This compromise can be helped by selecting areas of the model where changes e.g. deformations are 

expected and / or where the components have particularly complicated geometries and refining the 

mesh in this area only as shown in Figure 71. 
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Figure 71, Refinement of mesh (MSC.Marc, 2013). 

This can also go in the opposite direction, and areas where no deformation is expected, as this is not 

an area that will affect the simulation very much, the elements can be coarsened to save 

computational time. 

The refinement is usually done in levels whereby each level mean an element is split four ways, one 

at a time. The best way to demonstrate this is schematically on a quadrilateral element as per below: 

 

Figure 72, Schematic of levels of mesh refinement (MSC.Marc, 2013). 

Refinement windows can be applied anywhere in the model and can be either fixed in space (for 

example placed in a location where a complex change is anticipated later on in the simulation and the 

deformed mesh moves into it) or can be attached to a geometry and move with the mesh at the same 

time (MSC.Marc, 2013). 

4.1.1.2.4 Remesh 

In simulations of forming processes it is a frequent occurrence that the initial mesh becomes distorted 

due to the large displacements and does not meet the requirements of mesh quality anymore. In this 

case, a remeshing is performed and the simulation continues using the new mesh from that point. The 

remeshing parameters can be the same as the initial mesh or a completely different type of mesh can 

be selected.  
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4.1.1.2.5 Types of remesh 

Criteria based - remeshing is triggered by one or multiple criteria that are defined at the start of 

simulation. 

¶ Forced ς this option allows the solver to perform a remeshing to prevent a failure of the simulation 

(e.g. due to huge element distortion). 

¶ None ς disables any remeshing during the simulation in the entire process, i.e. remeshing is 

disabled in all existing remeshing objects of the process. 

The point at which remeshing is trigerred is when it exceeds remeshing criteria. These are as follows: 

¶ Immediate ς an immediate remeshing is performed before the simulation starts. 

¶ Increment frequency ς a remeshing is triggered after the pre-specified number of increments. 

¶ Tool penetration ς a remeshing is triggered if the tool penetration is larger than a pre-specified 

value. 

¶ Angle deviation ς remeshing is performed when the angle deviation of one element is larger than 

a pre-specified value. 

¶ Element distortion ς a remeshing is performed when a pre-specified element distortion level is 

exceeded. 

¶ Strain change ς a remeshing is performed when a strain change that is larger than the pre-

specified value occurs 

¶ Minimum thickness ς a remeshing follows when the workpiece element is thinner than the pre-

specified value. This option is compulsory for the 2D mesh splitting functions including SPR. This 

option also includes a further setting on removal of small parts which is usually specified as a 

percentage. If this criteria is exceeded, the part is removed from the process (usually used when 

very small parts cause issues with stress calculations). 

4.1.1.3 Cut distance 

During the rivet insertion process, splitting of the sheet occurs which can cause the elements size to 

decrease in process. If these become too small, they can cause issues with meshing further into the 

simulation and therefore it is recommended to remove these from the process. The software offers 

an option to specify what size element should be removed from the process. This is calculated as a 

percentage of the workpiece area. 



Chapter 4: Review of FEA in context of SPR 

Zuzana Kotercova - May 2020   65 

4.1.1.4 Time step 

A related concept to mesh, also used in simulation is called time step. Time step can be defined as a 

division of the process of simulation into a number of small steps / increments during which the 

software calculates small part of stresses, strains and displacements in each individual elements, 

which are always the starting point for the next time step (MSC.Marc, 2013, Simufact, 2015).  

There are two different types of the time stepping control, automatic and manual. In the automatic 

option, the time step is selected by the solver based on the previous selection of process for the 

simulation (e.g. mechanical joining > self-piercing). In the manual option, there are two further 

options, one of which includes the user setting a number of steps themselves. This option is 

predominantly used for the simulation of stationary processes such as upsetting. The second one is 

adaptive time stepping, with this method the step size can be adapted by solver during the course of 

simulation. Depending on the selected criterion and the current state of process, the step size could 

be increased if the given threshold is not reached and be decreased if the threshold is exceeded in the 

increment (MSC.Marc, 2013). 

It can be specified to be calculated based on displacement, force or stress. Generally, however, an 

adaptive time step is used which means that the software determines the size of time step by itself 

based on the level of difficulties it comes across at each individual increment. If for example, the 

calculations are fairly simple such as when for instance the punch is coming down towards the rivet, 

the timestep can be quite large and the software determines the next step be of equal size (MSC.Marc, 

2013, Simufact, 2015).  

However, the next step might be more difficult as the punch hits the rivet which in turn starts piercing 

the top sheet. In this case, the software retraces its steps and reduces the size of the time step. What 

generally applies is that the finer the mesh and /or the more complicated geometry and/ or prescribed 

movements of the workpiece and dies, the smaller the time step and the longer the calculation time 

as the solver part of the software is doing a number of adjustments and iterations (MSC.Marc, 2013, 

Simufact, 2015). 

¶ Distortion: the step size is controlled based on the element distortion during simulation. You can 

either select Automatic or input a value manually. The input value here is an estimate number of 

steps. The actual number of steps in simulation could be more or less than the defined value, as 

it is adapted by solver based on the element distortion. This method is best used with dynamic 

processes such as die forging. 
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¶ Increment strain change: the step size is controlled based on the max allowed strain change of 

each increment. This value represents the percentage strain change so it must be between 0 and 

1. Default value is 0.05. 

¶ Temperature change: the step size is controlled based on the max allowed temperature change 

of each increment. This is defined by the input value here. It is only available for heating, cooling 

and heat treatment process. 

¶ Displacement change: the step size is controlled based on the max allowed displacement of each 

increment. This is defined by the input value here. This is especially useful for a process with 

alternating velocities. Auto step for table: the step size is adapted to all table points in table press. 

It is only available for processes containing a table press. For more details please read the info 

sheet for table press. (MSC.Marc, 2013, Simufact, 2015). 

4.1.1.5 Contact 

In FE modelling, contact means defining how the bodies within the simulation model contact each 

other is another important aspect of the simulation and there are two options currently available in 

the software:  

¶ Node-to-segment 

¶ Segment-to-segment  

Node is a location on an element (Simufact, 2015) as shown in figure Figure 73a whilst segment refers 

to a portion of a deformable body that is used in in simulations i.e. rivet segment as shown in Figure 

73. 

                               

 

Figure 73, Illustration of node (left) and segment (right)     

Node-to-segment contact  

Node-to-segment contact is the default contact method for a wide range of applications. The contact 

is checked between nodes of one body to segments of the other body. 

The contacts are applied by direct constraint conditions based on the current contact state 

assumptions. Contact accuracy is achieved in an iterative manner. Thus extra convergence criteria for 
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separation and friction are applied, which control whether the iteration process is completed or not  

(Simufact, 2015). 

Node-to-segment contact is the preferred contact type for: 

¶ All forming processes, that consist of one single workpiece 

¶ Coupled die stress analysis 

¶ Separation problems with high demands on accuracy (sheet forming, part ejection, backstroke) 

Node-to-segment contact reaches its limits in applications where deformable-bodyςto-deformable-

body (e.g. rivet to sheets, sheet to sheet) contact occurs, especially in cases where high contact 

pressure is applied. This can lead to penetration and performance problems within the simulation 

process (Simufact, 2015) 

The behaviour can be improved by following the rules below: 

¶ Define single sided contact from the body with lower stiffness to the body with higher stiffness 

¶ Define single sided contact from the body with smaller element size to the body with bigger 

element size 

Even after the above measures are put in place, the following limitations remain for node-to-segment 

contact: 

¶ Contact depends on direction of contact definition 

¶ Contact depends on element sizes of the contact bodies 

¶ Contact depends on stiffness of the materials 

4.1.1.5.1 Segment-to-segment contact  

Segment-to-segment contact is a newly developed contact algorithm that overcomes the limitations 

of the node-to-segment contact. Contact is checked between segments of one body to segments of 

the other contact body. It can be described as an unconstrained optimization problem with the 

objective to minimize the penetration by adding terms to the stiffness matrix. (Simufact, 2015) 

Segment-to-segment contact can be used in two modes: 

Simple mode 

The contact is described by adding a penalty stiffness term to the contact body boundary nodes being 

in contact. This is done with a penalty factor that describes the force being applied to eliminate a 

certain amount of penetration. 
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Ὂ ὯὫ  

Eq. (13) 

Fn ς Force in normal direction 

kn ς Penalty factor in normal direction 

gn ς Penetration in normal direction 

If force in normal direction equals zero, then penetration in normal direction is also zero.  

The found solution is the equilibrium of forces and displacements based on both, the material and 

contact stiffness (Simufact, 2015). 

 
Ὂ ὯὫ 

Eq. (14) 

Ft ς Force in tangential direction 

kt ς Penalty factor in tangential direction 

gt ς Penetration in tangential direction 

Same rule applies here too, if force in tangential direction equals zero, then penetration in tangential 

direction is also zero.  

Augmentation mode 

The augmentation mode adds another term to the stiffness matrix in order to enforce the penetration 

ǘƻ ōŜ ǎƳŀƭƭŜǊ ǘƘŀƴ ŀ ŎŜǊǘŀƛƴ ǘƘǊŜǎƘƻƭŘ ǾŀƭǳŜΦ ¢Ƙƛǎ ǘƘǊŜǎƘƻƭŘ ƛǎ ŎŀƭƭŜŘ άǇŜƴŜǘǊŀǘƛƻƴ ŘƛǎǘŀƴŎŜάΦ 

Segment-to-segment contact is the preferred contact type for deformable-body-to-deformable-body 

contact. The benefits are: 

¶ No direction dependencies 

¶ No element size dependencies 

¶ Better stress continuity at contact interfaces   

There are also limitations to this model and this is mainly that it is less accurate for separation 

problems (Simufact, 2015).  

For SPR, it is suggested that the segment-to-segment contact method as multiple rigid and deformable 

bodies are in contact (TechSpec1, 2019).  Carandente (2018) suggested using the same method in his 

work on numerical analysis of aluminium alloy joints using the same software. 
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4.1.1.6 Temperature 

Part of the setting up the simulation model is a requirement for the user is required to decide whether 

this should be a thermo-mechanical or mechanical only calculation. If mechanical process is selected, 

no temperature is calculated. If on the other hand a thermo-mechanical simulation is selected, the 

software uses a number of parameters to calculate the temperature, which are essential to running a 

simulation, if thermos mechanical model is chosen. These are thermal conductivity, specific head 

capacity and dissipation factor and will be explained in the following section. 

4.1.1.6.1 Thermal conductivity 

The heat can spread through object in three different ways; conduction, convection and radiation. The 

conduction is the most frequent type in solids, whilst convection mostly occurs in fluids and gases and 

via radiation the heat can spread through anything that does not form a barrier against it (Caltech, 

2018). Conduction happens when heat transfers between a warmer and cooler object until the 

temperature is levelled in both. As an object is heated, its molecules gain heat and start moving faster 

and when they come into contact with cooler and slower moving molecules, they pass some of the 

energy to these. This process is repeated until the heat has spread throughout the whole object. 

¢ƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ǘƘŜǊŜŦƻǊŜ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ŀ ǎƻƭƛŘ ƻōƧŜŎǘΩǎ ŀōƛƭƛǘȅ ǘƻ ŎƻƴŘǳŎǘ ƘŜŀǘΦ  

All metals are conductors of heat although they vary in their abilities.  For example metal silver, 

copper, gold, aluminium and bras are the top five metals with highest thermal conductivity, whilst 

steel and bronze have the lowest thermal conductivity. Thermal conductivity is a transport property 

and depends on the physical structure of the matter (Elmelin, 2019). By Fourier's law can be correlated 

ǘƻ ǘƘŜ ƘŜŀǘ ŦƭǳȄ ŀŎǊƻǎǎ ŀ ǎǳǊŦŀŎŜ όǉέύ ŀƴŘ ǘƘŜ ƳƻƳŜƴǘŀǊȅ ǘŜƳǇŜǊŀǘǳǊŜ ƎǊŀŘƛŜƴǘ (): 
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Eq. (15) 

ɲ¢ - Momentary temperature gradient 

ǉέ - Heat flux across a surface 

Typical units are W/(m K) or J/(m s K) (Simufact, 2015). 
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4.1.1.6.2 Specific heat capacity 

 

The specific heat capacity (c) is the amount of energy (q) needed to raise the temperature of 1 kg of 

mass (m) by 1 °K. The value must be defined with respect to the temperature. A simple approach is 

given by (Simufact, 2015, Helmenstine, 2019):  
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Eq. (16) 

 

Below are some examples of the above mentioned material properties in different materials. 

       

Figure 74, Example of heat Specific heat capacity and thermal conductivity in rivet materials (Hardness level 2) (Simufact, 

2015) 

       

Figure 75, Example of heat specific heat capacity and thermal conductivity in soft aluminium sheet materials (AA-5182) 

(Simufact, 2015) 
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Figure 76, Example of heat specific heat capacity and thermal conductivity in mild steel sheet materials (DP600) (Simufact, 

2015) 

4.1.1.6.3 Dissipation factor 

Dissipation factor is the last property that is needed for simulation to be able to calculate the 

temperatures. This is a conversion factor between the plastic energy dissipated and the heat 

generated. This is a dimensionless quantity that is constant in the entire model (Simufact, 2015). 

4.1.1.6.4 Latent heat 

There are several parameters that can be input under this category but all are non-essential values 

that can be added for better accuracy, however, the simulation can run without them.  

¶ Solidus temperature ς The temperature at which the material is completely solid 

¶ Melting temperature ς The lowest temperature at which the material is completely liquid. The 

melting temperature must be greater than the solidus temperature. 

¶ Evaporation temperature ς The temperature at which a liquid is in the gaseous state. 

¶ Latent heat for melting ς The amount of energy needed to make a solid sample liquid. 

¶ Latent heat for evaporation - The heat needed to convert a certain amount of a liquid into a 

gaseous state. 

¶ Ac1 temperature ς The temperature at which the austenite formation begins. 

¶ Ac3 temperature ς The temperature at which the transformation of the ferrite into austenite 

ends (Simufact, 2015). 

4.1.1.7 Flow curves 

In addition to the above factors within the thermal properties, the flow curves provide an additional 

element of accuracy if obtained at multiple temperatures such as shown below. 
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The software carries out a coupled analysis which is referred to as thermo-mechanical calculation. This 

means that the analysis is divided into a thermal calculation and a stress (or mechanical) calculation 

and these follow each other alternately with each increment of simulation process (the result of the 

thermal calculation is fed into to stress one and so on). 

In the thermal calculation, a heat transfer analysis is completed that takes into account thermal 

conductivity, specific heat capacity, mass density and latent heat if used. The resulting temperature 

field is then used for the mechanical calculation in order to adjust all mechanical properties to the 

right temperature. This is where the flow curve, if data for multiple temperatures is provided, becomes 

useful by interpolating between the temperature and finding the right temperature according to the 

strain the material is submitted to. In addition to this dissipation and friction, conversion factors are 

then used and the heat that comes from mechanical work is added to the next thermal calculation 

(TechSpec1, 2019). Caradente (2016) has advised in his paper that thermo-mechanical model with 

flow curves obtained at different temperatures has been beneficial to numerical modelling of 5xxx 

series of aluminium alloys.  

 

Figure 77, Example of flow curves obtained at multiple temperatures. 

 

If a mechanical only calculations are chosen, then temperature is not calculated. This option is usually 

recommended in processes where temperature remains constant throughout the process or where 

flow curves for all materials are only available at one temperature. 
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4.1.1.8 Mechanics of damage 

Apart from just forming, another process that takes place during the SPR insertion is damage by rivet 

piercing the sheets which subsequently split into two. To be able to describe this process, either a 

damage criteria or damage models are needed. The below section will describe options of 

characterizing damage that are available in the software. 

There are a number of damage models used in simulations and four most used one will be  will be 

elaborated on in this report. 

¶ Lemaitre damage model 

¶ Oyane damage model 

¶ Cockroft-Latham damage model 

¶ Johnson-Cook damage model 

These models can be divided into two groups, micro mechanical and macro mechanical models: 

Micro mechanical models 

¶ Aim is to describe crack initiation and propagation of the ductile fracture 

¶ Concerned with void formation, void growth and material de-cohesion 

¶ Detailed description, mathematically complex,  complex material parameters 

¶ Lemaitre & Oyane   

Macro mechanical models 

¶ Aim is to investigate the causes of critical material states ς stresses and strains 

¶ Concerned with stresses and strains parameters, temporal evolution, strain related 

¶ Easy models, no parameters, not universal 

¶ Cockroft-Latham & Johnson Cook 

4.1.1.9 Lemaitre damage model 

The Lemaitre damage model describes the ductile fracture due to large plastic deformations likely 

caused in forming processes. The model requires material parameters which have to be calibrated in 

the simulation. The damage prediction is very accurate if well calibrated parameters are used. It 

combines the realistic description of the ductile fracture with a relatively simple recording of the 

material parameters (Simufact, 2015). 

For this, the body is divided into very small volume elements. If a void is initiated and grows inside a 

volume element, it reduces its surface base. Now the element has to transfer the same load to a 
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smaller area, i.e. the acting stress increases with increasing damage. (In reality, the stress "avoids" the 

remaining "areas" , but here the effect of damage itself is simulated). The absolute (ductile) damage 

D is the measure for the enforcement of a volume element with voids. When D = 0 there is no damage, 

in the case of D = 1 the entire base surface is destroyed.  

In cold forming processes with common steels D reaches a value between 0.1 and 0.3. At higher 

temperatures, as is the case in ductile materials, this value may increase (e.g. D = 0.90 for copper in 

the hot area).    

In the post processing the absolute damage shows the cumulative damage. The incremental formula 

for the absolute damage is as follows (Simufact, 2015): 
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Eq. (17) 

D - Absolute damage                                                                                                                                

F(n) - Function of triaxiality  

ˋ ς Von Mises stress 

E ς ̧ ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 

S ς Damage resistance 

Triaxiality of materials means that if material properties are obtained in the most frequently used 

material test i.e. tensile test, this is in uniaxial direction only. However, in the later stages of the tensile 

test, referred to as necking, the material is deformed in three directions which can decrease the total 

stress and this needs to be accounted for.    

Triaxiality is defined as the ratio of hydrostatic pressure, or mean stress and von Mises equivalent 

stress (Ashby, 1996). 
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Eq. (18) 

ʹ - Triaxiality 

m̀ ς Hydrostatic / mean normal stress 

v̀ ς Von Mises stress 
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Hydrostatic/ mean normal stress can be calculated as follows: 
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Eq. (19) 

1̀, ̀ 2, ̀ 3  - Principal stress in all three directions  

Von Mises stress can be calculated as follows: 
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Eq. (20) 

Function of triaxiality can be calculated as follows: 
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Eq. (21) 

˄ ς Poisson ratio 

While the material defects are more statistical and difficult to describe, a critical value for stresses / 

stress states can be defined easily.  

Critical damage Dc is a reference value which indicates the vulnerability of a forming zone for the 

occurrence of cracks, i.e. susceptibility to cracking. 
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Eq. (22) 

Dc - Critical damage                                                                                                                                   

D - Absolute damage 

F(n) - Function of triaxiality 
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Eq. (23) 

v̀ - Von Mises stress 

D1c - critical damage in a uniaxial tension test  

ẫ ς Triaxiality 

With the decrease of the critical damage the probability of cracking increases (Simufact, 2015). Crack 

sensitivity can be determined by comparing the absolute damage D in the material and the crack 
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sensitivity of the forming zone Dc. When both values approach, a macroscopic crack occurs. This 

comparison is captured by relative damage Drel. In Simufact forming this is displayed as Relative 

Lemaitre Damage. The higher the value tends towards Drel = 1 , the more likely is the crack occurrence 

(Simufact, 2015). 

 

 

Figure 78, Criteria used in Lemaitre damage model (Simufact, 2015) 

4.1.1.10 Oyane damage model 

The damage model according to Oyane is based on the model conception of the ductile fracture. Like 

all micro mechanical models, this model is also engaged with void formation, void growth, void 

association and the resulting material de-cohesion. The damage calculation is based on the cavity 

growth, for which the change in density of the material is used. The density changes are summed up 

until fracture where they reach a critical value (MSC.Marc, 2013, Packo, 2011). 
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Eq. (24) 

 

C ς element removal threshold 

m̀ax ς maximum tensile stress 

ˋ ς flow stress 

₵ɘ ς strain rate 

B ς material constant 

 

4.1.1.11 Cockroft-Latham damage model 

The Cockroft-Latham damage model is a macro mechanical damage model. This model is a standard 

model in bulk forming industries and does not require any material parameters. It can be used to 

compare different forming processes (MSC.Marc, 2013, Packo, 2011). Out of the four models, this is 
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the only one that does not require input of parameters obtained in external measurements and uses 

only values generated in process of simulation. 

 „

„
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Eq. (25) 

C ς element removal threshold 

m̀ax ς maximum tensile stress 

ˋ ς flow stress 

₵ɘ - strain rate  

4.1.1.12 Johnson-Cook damage model 

The Johnson-Cook damage model is a macro mechanical model. The damage is described by 

comparing the actual effective plastic strain to the crack critical plastic strain, hence stresses are not 

used to determine the damage. Three dimensionless material constants and a damage threshold value 

are used in the model. 
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Eq. (26) 

The damage D is a value between 0 and 1, whereas 1 is maximum damage. The crack critical plastic 

strain can be determined using the following formula: 

 ‐ Ὀ  ὈὩὼὴ–ᶻ  Eq. (27) 

 

*́ - triaxiality of the actual stress state                                                                                

D1 - D3 - Material parameters 

Material parameters can be determined in tensile tests. At least three tensile tests with three different 

triaxiality states at crack zone have to be done. 

All of the above models can be used in 2D as well as 3D simulations although they are more used in 

3D tensile, shear and cross tension tests where they can pinpoint potential areas of cracks. The 2D 

option generally used for SPR does not have the cappability to model cracking in rivets or sheet and 

therefore the damage models are not required. The damage that occurs in a simpler 2D axisymmetric 

simulation of insertion is instead modelled using a minimum thickness criteria. This is a similar method 

to the one employed in other FE software types such as Deform. 
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4.1.1.13 Minimum thickness criteria mesh separation  

As mentioned previously, most of the models apart from Cockroft-Latham require additional data to 

function which is not always easy to obtain, and therefore another method to estimate when damage 

in form of cracking should happen to the sheet is Minimum thickness criteria mesh separation. This 

model involves pre-specifying the smallest thickness the material can reach following during 

deformation before sheet completely splitting to simulate the fracture and simulation removing any 

split elements below certain criteria to prevent any issues with remeshing. This can be applicable in 

SPR where the top (and middle) sheets need to be  fractured by the rivet leg as demonstrated in the 

image below.  

 

Figure 79, Minimum thickness criteria mesh separation, specifying the smallest thickness the material can reach 

If this criteria is not set, the splitting is disallowed and eventually the simulation will reach very high 

load pressing on the sheets but not being allowed to deform. This can lead to unrealistic stresses 

calculation and eventually early termination of the simulation.  

               

Figure 80, Miminum thickness criteria set to 0.10mm (left)  setting not activated (right) 

The rule of the thumb advised by Simufact staff is to use thickness no less than 1/3 of the element size 

as this can lead to instabilities in the mesh and consequently simulations may not run their full course. 
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4.1.1.14 Assessment of damage simulation based on literature 

Khezri (2000) used a damage model, Cockroft and Latham, in order to model the damage created by 

the rivet. This model is further described in section 4.1.1.17 and is available in the Simufact software. 

Atzeni et al (2009) opted for Gurson-Tvergaard damage model which describes the piercing of the 

sheet material as a ductile failure phenomenon. This would be a useful model for SPR as the process 

is based on presumption that ductile materials are used, however, this model is currently not available 

in the software.  

A combined approach was employed by Bouchard et al (2008) who used Lemaitre-coupled damage 

model to describe the damage using effective stress along with erosion technique which removes 

elements to simulate the fracture. Lemaitre damaged model has been further explained in chapter 

4.1.1.15.  This approach yielded accurate results for simpler stacks, however less so for complex stacks, 

where results were less accurate.  

Kato et al (2007) and Casalino et al (2008) and Carandente (2016) all selected to use minimum 

thickness fracture criteria to delete an element that has reached a pre-specified minimum thickness 

after which it is deemed fractured and leads to total fracture of the sheet. Casalino (2008) documented 

success with this method with both visual match of the joint as well force-displacement curves. He 

further identified that finer mesh was conducive to preserving the volume of material caused by 

removal of element after its fracture. 

4.1.2 Process description 

4.1.2.1 Model set-up and boundary conditions 

The simulation model is usually a simplification of reality with some of the elements removed in order 

to make sure that the computational time is not excessive. In SPR, the essential components of the 

model are considered to be the punch, nose or blank holder, rivet, die and stacks of sheets to be 

joined. As can be seen from Figure 81 the C-frame and the setter (a) can be removed from the model 

and replaced by simpler models of nose and punch. 
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Figure 81, (left) SPR insertion equipment, (right) Simplified model of insertion equipment 

Then blank holder, die and punch are used as rigid bodies without heat conduction whilst the rivet 

and sheet are regarded by the software as deformable bodies, for which stresses and strains are 

calculated. The movement of the components is defined individually for each component. Since the 

die is defined as rigid, without any further information it will remain fixed in space. Whilst the punch 

and nose are also defined as rigid bodies, they are attached to a press with a pre-specified movement 

which means this is the only direction they will move in. Deformable dies are positioned between the 

rigid die and without any specific movement restriction. 

4.1.2.2 Press  

As explained in the literature review chapter 2.3, there are several ways to insert an SPR rivet. Atlas 

/ƻǇŎƻΩǎ Ƴƻǎǘ ǇǊŜŦŜǊǊŜŘ ƛƴǎŜǊǘƛƻƴ ƳŜǘƘƻŘ ƛǎ ǳǎƛƴƎ ŀ ǎŜǘǘŜǊ ǳǎƛƴƎ ƛƴŜǊǘƛŀ ǿƘƛŎƘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ {ŜǊǾƻ 

setter. With this type of setter, the rivet is punched with a pre-determined velocity which then slows 

down upon piercing through the individual sheets and more energy is added throughout the process 

by the servo motor. Hydraulic setter is another available option and is also employed in certain 

scenarios. This type of setter introduces a uniform speed of insertion throughout the process with no 

extra energy added. Some other SPR suppliers use direct drive squeeze rivet insertion which uses a lot 

slower speeds.  

To model a simplified version of the two options of rivet insertion methods used in this research, the 

software offers several options which are ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǇǊŜǎǎŜǎΩΦ 
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4.1.2.2.1 Hydraulic press 

Hydraulic press is available in the software with a constant velocity, a regularly (linearly) slowed down 

velocity or a force controlled velocity. 

 

Figure 82, Schematic illustration of the hydraulic press 

4.1.2.2.2 Hammer press 

This is an energy based press and requires three values as an input; maximum energy, efficiency during 

stroke and mass. 

 

Figure 83, Schematic illustration of the hammer press 

4.1.2.2.3 Screw press 

Similarly to hammer press, screw press is an energy based press and requires three input values; gross 

energy maximum ram speed and efficiency during stroke. 

 

Figure 84, Schematic illustration of the screw press 
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4.1.2.2.4 Crank press 

The crank press uses a crank to convert the rotation of a combined shaft to the translation of a piston 

by an arm connected to the crank. The parameters to be input are revolution, crank radius and rod 

length. (Simufact, 2015). 

 

Figure 85, Schematic illustration of the crank press 

4.1.2.2.5 Orbital forging press 

Orbital forging (previously named "Radial press") is an incremental cold forming process, in which the 

centre axis of the upper die is slightly tilted with a specific angle and then rotated around the vertical 

axis. This reduces the contact area between the die and the work piece and thus the forming force as 

well as friction force are substantially reduced. 

 

Figure 86, Schematic illustration of the orbital forging press 

4.1.2.2.6 Scotch yoke drive press 

Another press option is Scotch yoke mechanism which also known as eccentric press. This is a 

mechanical type of press and requires maximum stroke and revolutions as data input. 
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Figure 87, Schematic illustration of the Scotch yoke drive press 

4.1.2.3 Clamping 

Another aspect that needs to be pre-set in SPR is clamping.  This is done by done using a component 

called nose (also referred to as blank holder) which consists of a number of components. The main 

purpose of this component is to hold the riveted sheets down to prevent dishing as well material 

flowing out of the die and generation of gaps between the sheet during the insertion process 

(TechSpec, 2019).  

 

 

Figure 88, Clamp mechanism on servo setter 

 

The part of the nose that comes directly in contact with the joint is a shape of hollow cylinder with 

external diameter of 18.0mm and internal diameter 8.0mm. The side of the nose that comes in contact 

with the top sheet has a radius on both internal and external diameter. 
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Figure 89, Model of blankholder/nose 

The nose is put into action by use of spring mechanism attached to it and there are several methods 

in which the clamping can be executed in Atlas Copco ς all related to the timing of the spring 

mechanism engaging, i.e. Pre-clamp or intermediate clamp. Each of these have their pros and cons 

(TechSpec, 2019). 

4.1.2.3.1 Pre-clamp 

In the pre-clamp scenario, the nose is pressing down on the sheets with a constant force of 5KN from 

the beginning of the insertion and is released along with the punch at the end of the insertion process. 

This method of clamping provides a stable and robust joints as the sheets are completely fixed in place 

throughout the entire process allowing the die to fully fill. However, in some specific instances such 

as when the die is too small, this restriction may cause immobility of the material which cannot 

temporarily flow out of die to accommodate the rivet legs being inserted. In some circumstances, this 

can lead to need for increased velocity and consequently increased force which can negatively impact 

the length of the life cycle of the setter as well as the rivet can be more prone to cracking. Another 

theoretical disadvantage, although not completely confirmed, of the pre-clamp is that by being 

restricted, the materials around the rivet might experience more local hardening than in for example 

post-clamp where this does not happen. This may lead to further stress added to the rivet and increase 

the capacity for cracks further still. Setters with pre-clamp are currently not used very frequently in 

Atlas Copco (TechSpec, 2019). Pre-clamp is only available in hydraulic setters. 

4.1.2.3.2 Intermediate clamp 

With this method of clamping, the spring mechanism is pressing on the sheet with force of 200N from 

the start of the process and this is followed by engagement of the clamp mechanism with 8 kN of 

additional force at a pre-set time near the of the end of insertion. This is meant to prevent sheets from 

dishing when they are about to be pulled downwards by the rivet which is at this point in the last 



Chapter 4: Review of FEA in context of SPR 

Zuzana Kotercova - May 2020   85 

stages of compression when the highest force is being exerted, as shown in the image below. The 

point of the clamp engagement is dependent on several parameters ς size of the rivet (3.0 or 5.0mm), 

type of actuator (250mm or 150mm) and the length of the stroke (or the length of the nose). On 

average, the clamp is engaged when the rivet is 0.525  - 0.55mm away from flush position for 5mm 

rivet and between 0.35mm and 0.40mm away from flush position for 3mm rivet (TechSpec, 2019). 

 

Figure 90, Point at which the clamp comes on and the nose is pressed down with 8kN. 

The most frequently used timing is the clamp engaging 0.525mm before the rivet head is at the same 

level as the top sheet i.e. flush. Whilst this method of clamping gives the material more room to flow 

into by not restricting the movement of the sheets from above, it is also suspected that the die may 

not be fully filled due to the substrates temporarily flowing out of the die before they are squeezed 

back in by the nose pressing them down with 8 kN force. It is suspected that this is creating internal 

gaps inside the rivet in process leading to lower interlock. This clamping method is only used with 

servo setter. 

4.1.2.3.3 No clamp 

The last method is when there is no clamp used, which is available, however, this method leaves large 

gaps between the sheets and hence is used only in very limited scenarios. 

4.1.2.3.4 Modelling clamping in simulations 

To replicate this process in simulation, the software uses die springs which are used to control the 

movement of dies and in this specific instance the nose (blank holder). 
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Figure 91, Die spring replicating the clamp mechanism 

The springs available in the software are categorised according to their directions, as shown in the 

image below. A released spring counteracts in the direction D whilst with the compressed spring, the 

springs acts in direction D.  

    

Figure 92, Released spring (left) and compressed spring (right) (Simufact, 2015). 

 

! ΨǊŜƭŜŀǎŜŘΩ ǎǇǊƛƴƎ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ǘƻ ƳƻŘŜƭ ǘƘŜ ŘŜŦŀǳƭǘ ŎƭŀƳǇ ƳƻŘŜƭ ǿƘƛŎƘ ǎǘŀǊǘǎ counteracting with 

full force as soon as the nose touches the top sheet. This is equivalent of the pre-clamp in the physical 

tests. 

4.1.3 Material characterization 

The type of material to be joined will determine what rivet and die needs to be used and so has an 

immense influence on SPR. The type of material will also influence how the material will behave during 

insertion and one of the main processes that take place during this, i.e. cold forming. Therefore the 

material characterization is one of the most crucial parts of simulation. 
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To create material property for simulations using Simufact software, the following data can be input 

in order to fully characterize the material: 

¶ Chemical composition 

¶ Thermal properties 

¶ Mechanical properties 

¶ Flow curves 

¶ Anisotropy 

¶ Damage 

¶ Electromagnetic properties 

¶ Microstructure 

¶ Diffusion 

¶ Creep 

In context of SPR, some of these are optional entry i.e. simulation can run without them and in some 

cases SPR simulation does not use them.  

¶ Chemical composition ς applicable only in process type Casehardening in the application module 

heat treatment. 

¶ Anisotropy ς optional input, mainly used in deep drawing process with consideration for 

anisotropy. Unless specified, all simulations assume isotropic elasticity.  

¶ Damage ς optional input, damage based mesh separation can be used instead of Damage models. 

¶ Electromagnetic properties ς applicable in calculations of heat generated either from an electrical 

current or from an electromagnetic field passing the material (e.g. induction heating). 

¶ Microstructure ς optional input, used when microstructural evolution is required. 

¶ Diffusion ς optional input, applicable in case hardening process in order to equalize the carbon 

profile in materials. 

¶ Creep ς applicable when using process Simufact Additive and Simufact Welding.  

The compulsory properties without which an SPR the simulation will not run are as follows: 

¶ Thermal properties ς include thermal conductivity, specific heat capacity, dissipation factor and 

latent heat (more explanations on this are in chapter 4.1.1.4.2). 

¶ Mechanical properties ς ƛƴŎƭǳŘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻƴ ŀƴŘ ŘŜƴǎƛǘȅ. 

¶ Flow curves 
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The former two, thermal properties and mechanical properties (which are used to model the elastic 

deformation) can usually be obtained from material properties records freely available from multiple 

sources, such as engineering publications or material suǇǇƭƛŜǊǎΩ ƛƴŦƻ ǎƘŜŜǘǎΦ  

However, it is the latter that is the most important part of the material characterisation process 

needed for SPR simulation. Flow curves are graphs that describe strain hardening of metals (Alves et 

al, 2011) and they dictate how the materials behave once the plastic deformation starts. 

To understand how these support the simulation it is important to know the concept of material 

forming. The next few sections will therefore look at what is happening to materials during forming 

and what is needed to create flow curves that describe the material in sufficient detail for the software 

to provide accurate results. 

 

Figure 93, Example of material property data available from material supplier Novelis. 

4.1.3.1 Process of metal forming 

During an extensive forming such as one that occurs during SPR, two types of deformation occur, 

elastic and plastic.  

To illustrate these concepts better, it might be helpful to introduce the tensile test as a basic away of 

obtaining material properties. This test involves a T bone specimen pulled apart in a tensile test 

machine and its elongation under the tensile stress is recorded to document the material behaviour 

(Kelly, 2012). 

The initial stages of the tensile test consist of elastic deformation. If the load continues to increase, 

the material reaches what is referred to as Yield point and this is when the deformation reaches the 

plastic region and material starts to undergo plastic deformation. Further increases in loading 



Chapter 4: Review of FEA in context of SPR 

Zuzana Kotercova - May 2020   89 

(referred to as Flow stress) are required to continue the plastic deformation; this is termed work 

hardening Palaniswarmy, Billur, 2012).  

What is happening during the deformation to the sample can be best demonstrated by the following 

the image. 

 

Figure 94, Deformation of tensile test sample (Altan, 2011) 

It has been noted that at relatively low temperatures the force displacement curve generally follows 

the same pattern regardless of the rate at which the sample is pulled apart (Kelly, 2012). 

The above force-displacement curve can now be looked at from perspective of stresses and strain 

relationship which is a starting point of a flow curve. 

There are two methods used for describing this relationship. The first one is engineering stress (or 

nominal) and strain and the other one is true stress and strain.  

At small elongations, predominantly in the elastic region, the differences between the engineering 

and true stresses and engineering and true strains are insignificant, however, where high contact 

stresses are involved and the deformation starts reaching the plastic region, the two calculations can 

produce different results as shown in Figure 95. 
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Figure 95, Engineering stress and strain curve and (b) True stress and strain curve 

It can be noted that the force displacement curve shown in fig.  is essentially an engineering stress-

strain curve. The related image of the sample in Figure 95 shows that at point A necking starts which 

is a reduction in cross sectional area and shortly after this the sample breaks. Point A is referred to as 

Ultimate tensile strength of the material which is the maximum strength the material can withstand 

before breaking (Kelly, 2012, Palaniswarmy, Billur, 2012). Practicalities of measuring true stress and 

stress are very complex, involving cross sectioning sample at every stage which is unreasonable  and 

therefore it is engineering stress and strain that is always measured and they can be converted to true 

stress and strain by using the following equations (MSC.Marc, 2013): 

 
‐ ὰὲρ ‐ 

„ „ρ ‐ 

Eq. (28) 

tʑ ς true strain 

t̀ - true strain 

ᶽ ς engineering strain 

Using the above information it is possible to determine the stress and strain relationship in order to 

describe the behaviour of a material specifically for purposes of FE analysis using Simufact software. 

This process results in creation of a flow curve which is the main descriptor of materialsΩ behaviour in 

engineering processes involving forming of metals and more and more increasingly, numerical 

modelling (Alves et al, 2011, Simufact, 2015). 

4.1.3.2 Flow curves 

The starting point for flow curves is the true stress strain curve, however, the total strain of the curve 

is made up of elastic strain and plastic strain (University of Babylon, 2018, ASTM standard, Simufact, 

2015). 
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‐  ‐  ‐   

Eq. (29) 

 

Since tƘŜ ǎƻŦǘǿŀǊŜ ǿƛƭƭ ōŜ ǳǎƛƴƎ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ to linearly relate the stress and 

strain during the elastic deformation and these values are set as constants in the software for each 

material to model the elastic deformation, the elastic portion of strain needs to be removed. 

To do this, it is required to know where the elastic deformation ends.  This is at what is referred to as 

yield point which is when the material is exposed to large enough stress to start deforming plastically. 

This level of stress is referred to as yield point ỳ.. If the stress level exerted on the material after this 

point are high enough to keep the material deforming, this is referred to as flow stress (Benham, 

1996). 

In some instances, the yield point can be clearly pinpointed on the true stress strain curve as a sudden 

sharp change of direction of otherwise linear curve. This is typically behaviour of some steels 

(University of Babylon, 2018, ASTM standard) and can be seen in Figure 96 below ς curve C. However, 

with a lot of the materials, there is no a clear point in the curve to indicate the end of elastic 

deformation and the curve deviates rather gradually into a non-linear plastic deformation ς as shown 

in image below, curve B. In this case, an estimation of the yield point is made. This is called proof 

stress, Rp0.2. To obtain this value,  a point is placed at an offset value of strain of  0.002 or (0.2% strain) 

and a parallel line is drawn along the linear part of the curve and the intersection of this line and the 

stress and strain curve is the yield point ς as shown in image below. Curve A is an example of a very 

brittle material that proceeds to a fracture directly following the linear deformation stage without any 

non-uniform deformation (University of Babylon, 2017). 

 

Figure 96, Example of stress and strain curves (ASTM standard 370)  
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Further demonstration of determining yield stress to created a flow curve is shown in Figure 97 

 

 

Figure 97, Illustration of determining yield point 

 

 

Figure 98, Example of a flow curve in the software 

 

The flow curve can now be used, however, at this stage, most instances of materials completed using 

tensile test might show behaviour only up to a very limited strain. This is due to the fact that the 

material data from physical tensile test is only available up to the onset of non-uniform deformation 

in form of ƴŜŎƪƛƴƎ ŀƴŘ ŘƻŜǎ ƴƻǘ ŎŀǇǘǳǊŜ ƳŀǘŜǊƛŀƭΩǎ ōŜƘŀǾƛƻǳǊ ŀǘ a strain higher than that. With some 

softer materials the strain can be measured up to 0.2 but with harder materials, such as high grades 
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of press hardened steels, the strain measured in a tensile test can be as little as 0.035 before the 

necking starts due to its brittleness (Eller, 2015). This means that in a simulation where material needs 

to deform further, the available data may not cover the whole range of strain required for the 

deformation in SPR (TechSpec1, 2019).  

One way to resolve this is to extend the strain is to use different type of material testing that evaluates 

the strains to a higher extent such as compression testing or combine the tensile testing with another 

test that can reach higher strains or create extra support points. 

Another common way is to extrapolate the flow curves to unknown values using equations that have 

proven to deliver realistic results (Simufact, 2015)Φ ¢ȅǇƛŎŀƭ 9ǉǳŀǘƛƻƴǎ ŦƻǊ ŎƻƭŘ ŦƻǊƳƛƴƎ ŀǊŜ IƻƭƭƻƳƻƴΩǎΣ 

[ǳŘǿƛƪΩǎΣ {ǿƛŦǘΩǎΣ IƻŎƪŜǘ-{ƘŜǊōȅΩǎΣ ±ƻŎŜΣ 9ȄǘŜƴŘŜŘ ±ƻŎŜ etc. If temperature and strain rate effects 

need to be specifically considered, a more complex equations can be used such as Johnson Cook, 

Hensel Spittel, GMT. An extrapolated flow curve may look similar to the one below (Figure 99). 

 

Figure 99, Example of extrapolated flow curve 

Apart from methods of obtaining the flow curves (i.e. mechanical testing) and methods of 

extrapolating them, there are a couple of more aspects to be considered when creating flow curves: 

¶ Conditions of testing ς such as temperature and strain rate 

¶ Material variations ς materials might vary from batch to batch in material properties due to 

manufacturing variations as well as natural aging of materials.  

All four aspects will be explained in the next few sections. 
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4.1.3.3 Type of testing  

The first one to look at is the source of flow curves. There are several means of obtaining these flow 

curves (Traphöner at al ,2018, Bruschi, 2014). Amongst others, these include: 

¶ Tensile testing 

¶ Compression testing 

¶ Stack compression testing 

¶ Bulge testing 

¶ In-plane torsion testing 

4.1.3.3.1 Tensile testing 

The already previously explained, tensile technique of obtaining flow curves is deemed the most 

readily available method and is also the most widely used (Campos, 2014, ASTM E8, 2013). As 

previously explained in the literature review, tensile test consists of sample of a flat specimen cut out 

from metal sheet or a cylindrical tubular specimen (Figure 100). The specimen is gripped at each end 

by specially designed grips and stretched in opposite directions in a tensile test device (Figure 101) 

usually at an agreed stretching rate. The force required to hold the specimen in its place at different 

rate of stretching is recorded. The extensometer is used to measure and record elongation in real time 

(Palaniswarmy, Billur, 2012). 

 

Figure 100, Types of specimens for tensile tests flat or tubular 
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Figure 101, Tensile test machine 

Whilst tensile tests are frequently completed using quasi-static strain rate at room temperature, the 

tensile test can be done at various strain rates and temperatures.  

The resulting measurements reveal fundamental parameters of the material eg. deformation, stresses 

and strains and further parameters such as YoungΩs modulus, elastic and proportional limit, tensile, 

yield and ultimate strength can be calculated (Fallahiarezoodar et al, 2015). 

 

Figure 102, Tensile testing stress v strain curve for AA6111-T4 with engineering strain on x and engineering stress on y 

The disadvantage of this method is that the material does not achieve a particularly high strains before 

the onset of necking (Traphöner at al, 2018). The additional concern is that the uniaxial motion of 

stretching the sample is less representative of the SPR process which is exerting high compression 

forces on the rivet and materials. As the data is to be used to predict how the material will behave in 

other applications, and specifically SPR, it might be more preferable to use testing that measures 

higher strains and use a method that is more representative of the SPR process. This leads on to the 

next method, which is compression testing. 

4.1.3.3.2 Compression testing 

The compression testing is essentially the opposite of tensile testing so instead of the sample being 

pulled apart, it is crushed by two opposing plates exerting compressive loads across the surfaces of 
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the top and bottom of sample interface (Hamidon, 2019). The sample shape is, unlike in tensile test, 

is a cylinder with a specific ratio of height and diameter.  During the test, the sample experiences an 

elastic deformation first, followed by plastic deformation which causes the sample to become flatter 

and shorter in the direction of the force and expand by bulging out on in a direction parallel to the 

force (Hamidon, 2019, Testresources, 2019). 

 

Figure 103, Schematic of compression test (Alves, 2011). 

Similarly to the tensile test, deformation stresses and strains can be measured, the results report 

parameters such as elastic limit, yield, ultimate and compressive strength. 

The most common set up of a compression test is with the two forces opposing each other, there are 

other ways to do this testing such as directing the pressure to multiple axes of the sample in order to 

change the usually uniaxial test to be biaxial or triaxial. Similarly to the tensile test, the compression 

test can also be carried out at higher temperatures in order to determine the behaviour of material 

under different conditions (Hamidon, 2019, Testresources, 2019, Hochholdinger et al, 2009). 

Due to the absence of necking and hence ability to record higher strains than for example tensile test 

as well as similarities to a lot of forming processes using compressive forces, the compression test is 

the second most widely used testing method (Alves, 2011). 

 

Figure 104, Comparison of tensile against compression test results (NPTEL, 2016) 

There are of course concerns with this type of test too, with friction adding extra force into the 

process, which may interfere with the stress and strain responses of the material. The friction can also 
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cause bulging out of the sample in the middle due to the restricting the movement on the interface 

between the sample and plate (Alves, 2011). There are ways to curb the effect of the latter by 

measuring the barrelling and correcting the friction based on these measurements but even despite 

these measures both of these might cause a degree of error in the flow curves (Alves, 2011). 

Further issue can be cause by the fact that the process relies on the measurements of transducers and 

there are also technical difficulties associated with operating extensometer directly on the specimen. 

These can all lead to inaccuracies in flow curve calculations too (Alves, 2011). 

4.1.3.3.3 Stack compression test 

As mentioned above, used despite some discrepancies that may occur in result flow curves. the 

compression test is one of the most widely used method of obtaining data for flow curves.  However, 

producing the required cylindrical sample is not always a possibility when the material is exclusively 

supplied as sheet or plates. In this instance, it was suggested by Pawelski (1967) that the sheet material 

could be cut into discs and stacked on top of each other to form a cylinder of size ratio similar to that 

used for compression testing. The machinery used for this testing is the same as that used for 

conventional solid sample testing.  

 

Figure 105, Typical result of stack compression test (Alves, 2011) 

 

Figure 106, Sample used for stack compression test by Alves (2011) 

This method of testing is not used as widely, due to belief that it might not be as effective as 

compression testing due concerns regarding friction between the individual stacks. There is some 

research available comparing conventional compression and stack compression tests which does 
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indeed confirm that if sliding friction occurs between individual stacks, an inhomogeneous flow 

Ŧƻƭƭƻǿǎ όŦƛƎǳǊŜ Χύ ǿƘƛŎƘ Ŏŀƴ ƭŜŀŘ ǘƻ ŀ ǊƛǎŜ ƛƴ ǎǘǊŜǎǎŜǎ ŀƴŘ ǎǘǊŀƛƴǎ ŎƭƻǎŜǊ ǘƻ ǘƘŜ ōƻǳƴŘŀǊȅΦ  

However, when the researchers extracted the load displacement curve this did not seem to be 

affected by the inhomogeneous flow which theoretically means that the flow curve is not affected by 

the inhomogeneous flow either. To ensure that the test is as accurate as possible and recreate similar 

condition achieved by compression testing, however, creating sticking friction conditions between the 

individual sheets would be recommended. This could be achieved by applying glue between individual 

sheets. (Alves et al., 2011). However, even this is not without concerns as shown in researcher by 

Hochholdinger et al (2009) who have glued three discs to create a cylindrical specimen for their stack 

compression tests and bulging, typical for compression tests has occurred in the sample. 

 

Figure 107, Bulging behaviour in stack compression test with glued stacks. (Hochholdinger, 2009) 

They have accounted for friction in their research and compared against scenario without friction 

consideration as shown in image below. 

 

Figure 108, Flow curves created by compression testing with and without accounting for friction. (Hochholdinger, 2009) 

Another concern related to the preparation of the sample was cutting the blanks which has proven to 

be a difficult task and several methods had to be tried out. Stamping the left the samples slighly bent 
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whilst laser cutting was likely to alter the properties of the material by heating them. The wire cutting 

has proven the least intrusive and most efficient way of blanks cutting. (Kraus, 2018). 

Based on the above, previous research has confirmed that the results from stack compression testing 

are similar to the conventional solid testing which means that when cylindrical solid sample is not 

available, sheets of the testing material can replace this test. One however, must be aware of the 

aspect ratio of the sheets ς very low aspect ratio might increase sensitivity to friction leading to 

breakdown of the lubricant between sheets and platens and build up pf pressure, thus leading to 

inhomogenous flow once again. (Alves et al, 2011). 

 

Figure 109, Example of inhomogenous flow in stack compression test (Alves, 2011) 

4.1.3.3.4 Hydraulic bulge testing 

Hydraulic bulge test in another alternative that has been suggested for sheet materials (Alves, 2015). 

The test involves a circular blank clamped around the edge in the bulge machine and application 

hydraulic pressure below the sample by using oil controlled by a punch. The upwards motion of the 

punch causes the material to bulge out and thin on the dome part (Junhe et al, 2013). The 

measurements are completed using am attached laser and camera to analyse geometry and strain 

respectively (Uthaisangsuk, 2009). 

 

Figure 110, Hydraulic bulge testing set up (Junhe et al, 2013)  

In comparison to other forms of testing such as tensile, this method has several advantages. This 

includes biaxiality and absence of necking which means that the strain can reach large strains seen in 

sheet metal forming processes (Campos, 2014). 
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Figure 111, Tensile testing strains reaching 0.2 (left), hydraulic bulge testing up to strain vakue of 0.6 (right) (Novelis, 2017) 

 Fallahiarezoodar et al (2015) suggests that bulge test is more accurate than extrapolated tensile tests 

at higher strains. Furthermore, unlike in the compression testing, there are also no concerns related 

to friction. Based on this, it could be suggested that the bulge testing might be superior to all other 

methods of obtaining flow stress data. However, the bulge tests require a set up with bulge testing 

machine which may not always be an available option and, as Fallahiarezoodar et al (2015) also 

asserts, the bulge test does not supply flow stress data for the elastic stage of the process. Lack of 

data in this initial stage can lead to inaccuracies in simulations as the yield point may not be precisely 

defined.  

To remedy this, Fallahiarezoodar et al (2015) goes on to suggest that a good approach would be a 

combination of tensile and bulge test which should combine good quality data for elastic deformation 

with good quality data in plastic range up to high strain values. Some adjustments will need to be 

made such as converting the uniaxial tensile test into a biaxial stress using the below: 

 

„  „   
ὰ  ὶὶ

ὶ ὶ
 

Eq. (30) 

This process results in the combination of the best of both tests, the flow curve includes sufficient 

levels of strains but also an accurate determination of yield point. 
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Figure 112, Combination of tensile and bulge test for producing flow curves (Fallahiarezoodar 2015) 

4.1.3.3.5 In-plane torsion test 

To characterize materials behaviour at larger strain, specifically aimed at sheet metals under shear 

stress, in plane torsion testing can be used (Yin, 2015, Bruschi, 2014). This method was first introduced 

by Marciniak (1961) in order to characterize the Bauschinger effect of copper sheets. Tekkaya et al. 

adapted the test in order to and generate flow curves of an aluminium alloy (1982). The test set up 

involves a planar circular blank fixed along the outer edge and at the centre. Torsion of the inner 

clamps against the outer out clamps leads to shear stresses in the free unclamped area of the 

specimen and the resulting shear stress can be calculated from the measured torque as a function of 

the radial distance and thickness of the sheet (Traphöner et al, 2018). 

 

Figure 113, Sample set up of in-plane torsion test 

The advantage of this test is that it is not subject to necking or buckling and is not exposed to any 

frictional behaviour either (Bruschi, 2014). The downside are the need to average the planar 

anisotropic properties as the orientation of the rolling direction to the shear load changes during the 

process of the test, however, the normal anisotropy rn Ŏŀƴ ōŜ ŎƻƴǎƛŘŜǊŜŘΣ ǳǎƛƴƎ ŦƻǊ ŜȄŀƳǇƭŜ IƛƭƭΩǎ 

model (Traphöner et al, 2018). Furthermore, exceeding torque can lead to slipping between sheet and 

clamping tools, which mainly occurs with thicker sheets (Tekkaya et al, 1982). 

4.1.3.3.6 Assessment of testing methods based on literature 

There is a great amount of data in literature completed via various testing and evaluation methods in 

recent years (Carandente, 2016, Nutor et al, 2017, Eller et al, 2016, Hua et al, 2014, Chen, 2009, Li et 

al, 2016, Wi et al , 2017,  Fallahiarezoodar et al 2015, Traphöner, 2018, Yin, 2015, Bruschi, 2014 and 






























































































































































































































































































































































































































