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The car manufacturing industry going through a time of significaohange undepressure to
provide strongr crash safe structures while at the same time making car bodies lighégrable
electric drive This is forcing car designers to choosy high strength materials antb use a
mixture of steel for strength and aluminium for lightne$he result is a large number feted
joint stack configurations on one car body each requiring differareting parametersThe
amount of physical testing required to find solutions emsv becomemuch biggerthan the
testing time available on theehicledesign programsTo solve thisar manufacturers are keen

to switch from physical lab testingp simuated joint testing.

There is also pressure on rivet suppliers to rapidly develop new rivets designs for making the
new joint stack combinations which amecreasinglyevolvinginto higher and higher strength
materials. Simulation of rivet designs is neddo accelerate rivet development projects and to
conduct process window testing to check the proposed new designs can cope with production

variables.

This projecfirst 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 luizant. The project also focused on accurately replicating the-mid
clamping methodiused 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 flaagéd solid (swage)veting.

It has also been utilized in studies focusing on creating a process windovaterials to account
for manufacturing variables. And finally, the model was used in a stuplyorting rivet design
by bringing together the worspossiblecombination oflowest rivet manufacturing tolerances
in order to predictthe worst case scenario itivet production. The results of this study were
particularly accurate and allowed for misition of the worst combination of tolerances by

informingsubsequentivet geometry amendments.

Followingcompletionof this project the simulation can be seen as particularly usédol in
design of new products bypredicting trends andmapping out process windows for
manufacturing variablesf both geometries and materials and can potentially replace a large

part of physical testing.
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Chapterl: Introduction & Objectives
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The assembly of car bodies used to be mainly achieved by spot welding of mild steel, but in recent
years the demand for lightemore fuel efficient vehiclesand electric vehiclescombined withthe
conflictingconsumerdemand for stronger structures to achieve 5 staash protection has led to a
shift away from350MPamild steek and towards usindighter and stronger material combinian.
These arenainly combinations c200 to 35MPa6XXX seriegluminium,300 to 450MPa 7XXX series

aluminium,600to 1000MPa Hgh Strength &els (HSSpnd 1200 to1500MPa WUtra High Strength
Seels (UHSYPBriskham, 208).

The major steel and aluminiuproducers arecompeing to get their material®nto new car body
platforms by striving to producestronger Ultra High Strength (UH$yades of material to enabl
thinner components to be designed provide attractve weidt savinggWhitacre 2019) Thebar
chart in Figurel shows an exanlp of a recent publication by Novelithe leading automotive
aluminiumsheetproducer, comparing its current and planned futugrades o6XXX and 7XXX series
Ultra High Strength liminium (UHSALgainstthe laest grades obJltra High Strength Steels (UHSS),
also known as AdvanceddHi Strength Steels (AHS8)ich offer the advantage of high strength but
also have lowered ductility as shownkigure2 . The AHSS BIHSS 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 Stéels (PHS
(WorldAutoSteel, 201,7Tech Spec 2018)
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Developing Effective Parameters for Simulation of-Biglfce Rivet Insertion
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Figure2, Strength v ductility charfor conventioral steelgradesversusAdvanced High Streng®teel(AHSSYyrades
(WorldAutoSteel2017)
The majority of car makers are now designing car bodies vduatbinepress formedHSS and UHSS
with press formed6XXXaluminium sheet and alumiam die castings. Thase of aluminium die
castings is helping to simplify the designs by replacing #paittifabrications. The use of aluminium
extrusions hasended to be very little in the pasbut iscurrentlyrapidlyincreasing due t@xtruded
profilesbeingverywell suted for making battery case structures to mount underneath the passenger

compartment on Battery Electric Vehicles (BEVeEh Spec, 2018).

The standard and most frequently used joining methaigch as spot weldingre not suitable for
joining steel toaluminium (Casalino et al2008) due to thedifferent melting temperatures and
metallurgy of these materials (Abe et al, 2006armakersneed reliable mixed material joining
methods and the ability to design caassembled by these joining methouisthe virtual world. Sel

pierce riveting combined with structural adhesj\®mown as hybrid joining or rivbondirfzas become

the primary way to assembly mixed material car bodies and aluminium intensive car bodies. Car
makers are currentlysingaround 150m ostructural 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 selfpierce riveting. The current global consumption of gedfrcing rivets on car bodids over

10 billionrivets per year and this is forecast to grow tot#iion over the next 10 years to support the

growing use of mixed material and aluminium on battery powered electric(Baiskham, 2016)

A recent examplef a battery powered electticar where rivbonding was extensively usethe 2018
JLR IPacshown inFigure3; this low volume electric car body is a combination of aluminium castings,
aluminium sheet and aluminium extrusions, the boslyagssembledising 533 rivets combined with

184m of adhesivbead
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« Single parts: 265*
« Self piercing rivets: 2633*

* Adhesive: 184m
* FDS: 72

« Fire on studs: 88

Figure3, Image of 2018 JLR Electriedce (Source EuroCadgly 2018)

The Cadillac CT6 car bodya good example of the joining stfeet, cast, and extruded aluminium with
sheet steel, all joined usingelfpierce rivetingcombined with structural adhesiyehis isone of
0 2 R ImdsQidpressive productioaxamples o significantlymixed material assemblihe riveted

joints attaching the cast shocktower to the sheet metaltibe CT6 is shown iRigure4.

Figured, Cadillac CT6 car body showingbonding of sheet/cas#xtruded alumiium with sheet steel(Source Visnic 2019)

Due to the high cost of aluminiumnd its lower stength, the latest highvolume carsbodiesare
tending to usePress Hardenedt&:| (PHS}o create strongpillarsand ring shapes in the crash cage
and thenclad the crash cage within aluminium panelsind closureso save weight. A gooelxample
of thisdesigntrend is the 2017 Audi A7, shown iigure5, which employsJHSS to create strong
crash cagdshown in purple)and press formed aluminiungshown in greenfor weight reduction

(Briskham, 2016, ,Tech Spec, 2019)

Figure5 Image of 2017 Audi ABource JoiningInCaodyEngineering 2017)
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1.2.10bjective 1¢ Selection and Evaluation of the simulation software.

This objective has two stages:

1.2.1.10bjective 1A: Selection of the software

Before anyresearch work starts, a careful consideration needs to be given to a selection of the FE
software to be usedThis will be addressed by reseaioto the progress of FE analysis and what

software types were used.

1.2.1.20bjective 1B: Evaluation tfe software

This research objective proposéwo actions:

z A

9@l tdz2 GA2Y 2F | OOdzN> Oé 2F (KS Ww2dzi 2F GK 02EQ

1 The evaluation will be carried out by comparing the results produced by out of the box simulation
version of the softwag without any changes with physical test in order to establish its current
capability.

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

o Simulation

0 Physical tests

Identification of influencing parameters\ y Wi KS 2 dzi 2yF 2AiTK Sa 2R(EA NBINEA A{

template

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

conducted as part of this process via sensitivity studieBiotion, clamping, temperature.

1.2.20bjective ; Development othe base model

The focusof this objective is to improve thparameters othe out of the boxdentified as in need of
improvement in objective 1 and tevelop a optimized andeliable simulatio base model that can
be usedacross all simulations of SRR order achieve this, a number of simulation sensitivity studies
will be conducted and their effect will be analysed and compared with physicalge&imapte6 ¢

Experimental stage).
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Two parameters that have been identifldamongst others)n objective B as notbeingsuitable for
AC SPR methodsd having most significant effect on the accuracy of the resgilllbe the main focus

of this objective and are explained below.

1.2.2.10bjective 2A: Develop friction parameters foffelient rivet coatings

Although friction in SPR has been researched extensively for purposes of simula¢idniction
settings found through these studiese usually tightly configured to a small number of very similar
joint stacks andcassume all rivis coatingsand therefore faito simulatethe 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 rivttings.

1.2.2.20bjective 2B: Investigate the effect of different joint stack clamping methods using
simulation

When inserting a rivethe sheet stack can be clamped in different ways, such as-algng before

rivet insertion, an instant clamp at the start B¥et 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 beeararried out andpublished on this topic. The research task

proposed is taletermine the effect of the clamping lmpmpaing pre-clamp with intermediate clamp

methodsand then reflect this process in the base simulation modedriabk correct simulation of

this part of the process.

1.2.30bjective 3 Application of bas model

Thisresearchobjective aims to apply to the optimized simulatioasemodel developed as part of the
objective 2 to real case scenarios. The initial purposerattical application is tovalidate the
optimizedbasemodd by comparing the simulain results to the physical results and to infothe
authorwhether any further changes need to be made to the optimized model. Once tigisaitive
process has led to fully optimized simulation model providing accurate and reliable results, the
simulaion model can be then utilizeoh further studies. This involves simulation of new rivet types
and processes in the field of SPR as wedugportingR&Dwith designof new rivets viasensitivity

studiesaimed at determiningolerances and robustness néw products in production.

These sulbbjectives are described below in greater detail:
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1.2.3.10bjective3A Apply SPR simulation to fully tubular rivets

Until recently all SPR rivets were semibular, Atlas Copco recently launched a new type of SPR rivet
which is fully tubularand has a new low friction coatingimulation studies have not yet been
conducted and pulidhed on this new type of rivet and major customers like Ford & JLR want to be
able to simulate joining with this rivefThe research task proposed to apply the base model
developed in objective 1 to this new type of rivet and determine the parameters required to perform

accurate simulations.

1.2.3.20bjective 3B: Apply SPR simulation to mixed material riveting of UHSS to aluminium

SPR was developed fouaiinium to aluminium joining but is currently being adapted for joining very
high strengh hot stamp steels to aluminium which is one its biggest challengmgsing these
materials requires the development of new rivet designs. Little or no previousiSiRRt®on work

has been conductton riveting UHSS to aluminium in the field so Tdre 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 dermine the parameters required to perform accurate

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

1.2.3.30bjective 3C: Apply SPR simulation to the new development of joining narrow

flanges
Car companies are seeking to reduce thee sif 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 siees. Th
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.

1.2.3.40bjective 3D: Apply SPR simulation to the new swage solid SPRyrjeating

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

of riveting.
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1.2.40bjective 4 Utilization of validated simulation models

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

to the model to account for thesend their successful validatiomith 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 bexamined 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 tapnout these differences and
potentially improve thisAs part of this exercise, the base modelstubular narrow flange rivet (T4
rivet) and higher column strength rivet (BG rivetjere utilized to conduct entire studies that would

evaluate a process wilow for these products.

1.2.4.10bjective 4AProcess 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 suppliedhey 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 dtitkelproposed 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 propertieto investigate the effect on joint quality to check process window.

1.2.4.20bjectivedB. 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 vime is t
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 evaluateraall 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 requirean the rivet geometry to ensure consistently good joining results in production.
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Chapter _ -
Chapter name Brief description
number
_ The purpose of this sectids to outline thechallengingdemands
Introduction and o o _ _
1 o of automotive industryon joiningand explain theationale and
Objectives o _
objectives of this work.
Review of Self | A detailed introduction to SPR method. The chapter further
2 pierce riveting | covers various aspects of this method such as advantages ar
(SPR) disadvantages, its current use and innovatiom§ield of SPR.
Review of Finite . _ _ _
| An introduction toFEA which outlines types, stages of FEA ar
3 element Analysis N _
covers specifimethods used by Simufact software.
(FEA)
This chapteraims toexplain various aspects that are specific
_ | setting up a process of SPR simulation FEA such as ins
Review of FEA in . _ _
4 methods, clamping of the rivet throughput the process, frict
context of SPR _ _ _ _
etc. This chapter further details the latestiatus of simulation b
SPR.
c Research A brief outlineof the research methods used throughout th
methods thesis for both physical and simulation tests.
This chapterfocuses onestablish a working simulation mod
_ through exploration of SPR simulatipmocess parametersnd
Experimental _ _ o _
6 their effects on the processia a number of sensitivitgtudies.
stage
This includes process parameters such as materials definit
damage criteria, meshing, clamping etc.
Theaim of this chapter is a practicapplicationof the simulation
Practical
7 model developed in chapter 6o real case scenarios to obta]
applications

feedback and test its viability.
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Chapter _ o
Chapter name | Brief description
number
This chapter discusses the findings of the literature review hag
8 Discussion experimental simulation studies in relation to the objectives
for this research project.
_ This chapter aims to bring the research together by determir
9 Conclusions o _
whether the objectives of the PhD thesis were met.
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The two man elements of SPR are the spiércing rivet andthe die, an example of the most
commonly used rivet and die designs are showifrigure6 below. The standard industryterms

assigned to the different featuremn the rivet and die design are explained in the imbg®w.

Head

Profile width

F 3
v

Profile
Web depth

Bore Die head

Leg
Length

Tip stem length

s
L\ J

Shank

+—

Die stem

Figure6, Nomenclature of the industry terms assigned to different parts of the rivet and die

21{ St FSNDS nwyk BSRIRgzAG A 2 Y
The seHpierce riveting is a cold fming 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 stietiteadisplaced

material flows into a die, the pressure on the rivet skirt created by the progeeé§iflimg of the die

causes the rivet to flarmto the bottom sheet to create a mechanical interlock.

Punch

Rivet head

Flared rive
leg

joined

Figure7 Schematic of SPR process drawn by the author
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If rivet and die are selected in accordance with the material propertibe rivet does not pierce
through the bottom sheet, this the main advantage of the SPR process becaaraliles car mieers
to rivet from the dryinside the car to the wet area outside the car without breaking throtmgthe
wet side This avoids gosingthe fastener to the corrosive wetnvironment on the underside of the
car(Casalino 2008).

R

Sm——

Figure8, Example of aross section of SPR joint showthg rivet does not piercehroughthe bottom sheet §PR ES,
2018).

Whilst there are usefuhdvantages to using SPBReraluminium spotwelding,such as much greater
fatigue life(Briskham, 2016}here are also some drawbacks to the process. One of the maiasiss

car producergexperience difficulties witlis the number of pcess variable@He et al, 2007) affecting

the mechanical beaviour of a joint. The process variables reqeixéensive physical testingrstly to
confirm joining feasibilityand then to create groups of joint stacke assigna number ofdifferent

joint stacks to one robotdol running two rivet types andne die. (Carandente at al, 201&)g main

aimof the physical testingeing to find robust joining solutiongith large process windowsvoiding
marginal combinations thaisk causingonsistency isges in productionAn 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 bottorrsheet andfalling offleaving thewhole of therivet bore exposed

to the wet side of the vehicle.

Figure9, Marginal SPR joint willow bottom sheetthick S& &4 W¢ YA YSRRESY2008SF i f S3 o

Extensivephysical lab testing requires a lot of staff labcamd consumes a lot of sample material.
There are a numbaeaf steps involved in thprocess such as obtainingpresentativamnaterials to test,

cutting these materials intotest coupons,conducting rivetig tests,cross sectioninghe joints,
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photographing measuring thints, then analysing the results to determine which parameters are

most suitable for use on theroduction line.

-0.04 mm 7.79 mm

Y:0.90 mm iy i 0.88 mm
X:0.49 mm : Y X:0.51 mm
0.34 mm

Figurel0, Image of cross sectionedifts withmeasurements$PR ES, 2018

Most rivet insertion equipment (called rivet setters) alienited to riveting joints using one die and
two rivets. This means that even aftarsatisfactoryrivet & die solution has beenachieved for a
specific joint in the irial feasibility testing, the need to groupint stacks onto the same todb
minimise the amount of equipment requiredeansa lotmore testing is required to find one solution
that works for a number of different joint stacks. The number of stacksress$igp onesetter can be

as high as eleven, and these wilually include a range stack thicknesses, this makes it a difficult
task to find a rivetengthand diedepththat is optimal for every stackvhich means some of the stacks
need to bemade ushg nonoptimal 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 bestailableprocesswvindow.

A goodexample ofthe cost and challenge of conducting this work using only physical tegisg
recentthree yearlab testing projectconducted forthe JaguaiXE and #Pace production line. The
project task was teelectthe rivetsand die groupg to produce250 different joint stacksvith the
minimum number of robot cellsThis study required0,000 physical rivet insertion tesstconsuming

100,000 oupons of material and 5,00@ursof staff time.

The total cost ofconductingthis physical teting study was ovefl million pounds (Henrob 2016)
Following this very expensive study a clear mandate wat® skdvelopthe ability to simulate the rivet
insertionto reducethe amount ofphysical lab testingequired 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 feasibilitynd grouping studies. Aumber ofnew designs of rivateed to

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

being used by car body designefe process of designimgw rivetshas historically been dongy
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physically making and testing evatgsigniteration, this is averyslow and expensive approachhich
does not allow the new designs to be fully optimiseda)aover awide range of joint stacksor b)

cope with a wide range ahaterial properties

The use of simulation has massive potential to aid the developmentwfrivetdesigns by enabling
more optimisationof the designs to be conducted, ardablingthe evaluationof a wider range of

joint stack combinations. Perhaps the biggest benefitoihg simulation is that physical testing can
only test the material condition that is supplied for testing, it is nstallypossible to get materiaiin
anupper and lover ductility conditionsimulation enables these upper and lower matecahditions

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 thiavesting in the development of rivet insertion simulation

is very justified with a strong business case. This research projepotetial 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 layouauming 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 compéatias Copca key part of the companies R&D strategy ideéwelop
simulation solutions fothese two market requirements.olimplement this strategyAtlas Copco
contactedSheffield University torganiseacase awardPhD project andet these industry needs were

as the mairobjectives of theéPhD project.
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Self-pierce riveting was inventedl y ! dza ( NJ forAnhakingafuminiupriaddess The original
concept used a solid rivet which wedsventhroughtwo aluminium sheetonto afluted die, which

splitthe rivet into three parts and foldd these outward to form a mechanical interlockBriskham,

2016).

Figurell, Initial design o$olid SPR invented in 1976w producing aluminium ladders

Ly { K Sseméupula®@rivet design was developéd enable the rivet to flareriside the bottom
sheetso that it couldremaincontained within the bottom sheet and not break throughheinitial

semitubular design hd a square tip geometry and required the use dfi@with a raised central pip
to createthe pressure needed on thavet skirt to flare the rivet to create mechanical interlock.

(Briskham, 2016)hisearlyrivet design was mainly used for assembbiteel framed buildings.

Figurel?2, Initial Semtubular SPR design with square rivet tips

In the 1990s Audilevelopedthe first rivetedand bondedaluminium intensive cacalled the A8for
this project the rivet design needed to beproved the semi tubular rivet was changed to haahin
1mm web andjivenashaped rivet tip geometry (Lithiend, 2016)The profilectaperedshape of the
rivet tips enabla the rivet to selfflare inside the bottom sheewhen the die becaméull and the

pressure on the tips increased
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Internal flare

External tail radius

Figurel3, Rofiled shape of theivet tips introduce in the 1990s to create therWet. (Atlas Copco Rivet Brochure 2019)

The selfflaring abilityenabledflat bottom diesto be introduced aslies with a raised central pipere
no longer needed(Briskham, 208). Thenew semi tubular rivetdeveloped ér the Audi A8 project

were called Givets and this rivet design is still widely used today.

Figurel4, the first rivet design with a thin web and profiled tip geometvgs called the @vet (Briskham, 208).

The Grivet was givena thinwall thickness to encoage the rivet to flare isidethinner 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 rigting capability to thicker joint stacks rivet design with a slightlyhicker wall
thicknesswas developed, this stronger rivet waalled the Kivet. The mairdifference between a-C

rivet and a Kivet is that the wall thickness is slight thicker dwe tkrivet.

Grivets are used for joints requiring rivet lengths from 3mm to 6.5mmiyéts are used for joints
requiring rivet lengths between 7mm télmm. (Briskham, 2016)Thesetwo rivet designsare
excellent for a wide range @luminium to aluminim joints and have ben the most commonly used

rivet typesfor the last twenty years. (Litherland, 2016)

Grivetshave a thin Imm welihis enables them to make 3 thickne83)joints. In contrast the longer
K-rivets have a thiokr web and this makes themnsuitable formaking 3T jointsThe reason fivets
have a thickr web issimply that all lengths of-Kvet areforged with he same bore depth as the

6.5mm long Givets, soas theK-rivets length increases the web thickness also incred8eskham,
2016).
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Figurel5, Cross section of-@vet left & Krivet right,showing thegreater web& legthickness on Kivets.

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 6 XXX
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 aivdts were not capable of making thick stack

joints in 6XXX alloys.

In 2012 Ford and JLR requested a new rivet be developet/éting three layer jointsof 3mm thick
6XXX materiaJsdecausehis joint stack was required tenable the planned desidor both the new
F150 truck and XE car body structur@riskham, 2016)'he problem Ford and JLR were facing was
that 6XXX alloys have limited ductility and cannotiveted with the deep diethat is neead by the
K-rivet due to its thick rivet webA newrivet designwith a much smalleweb thicknessvasneeded
to enable a shallow die toe usedwith long rivets The new rivet design had to have the same external
dimensions as th&-rivet andK-rivet to enable it to be used in theamestandard rivet feedig and
setting equipment. Theolution found wasto completelyremove the rivet welon the Krivet and
create a fully tbular version of the rivet called therivet. TheT-rivet was launched in 2014, tHest

production vehiclesnade using th@-rivet were the Ford F150 & F250, Jaguar XERaEe.

Figurel6, Fully tubular rivet for thick stack aluminium joinksmiown as the -Fivet

The extrabore volume creatd inside the rivetby removing the rivet welkenabled a lot more
aluminium to be displaced pwards inside lie rivet meaning theshallow dies required with low
ductility 6XXX alloysould be used. (Briskham, 201Bjgurel?7, shows the huge improvemein joint
guality gained using a-fivet with no web compared to a-Kvet with a thick web for joining §int

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

the Krivet and requested a new rivet solution to be developed.
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Standard K-rivet not working in 3T stack Standard T-rivet working in 3T stack

Figurel7, Semitubular versus fully tubular rivet in.Gnm+30mm+30mm AA611

The original @ivet was made in a 5mm diameter shank version for structural joining on car hodies
andina 3mm diameteshankversionfor non-structural joining on closuresich as doors and bonnets.

The 3mm diameter shanki@et is able to rivet stacks with a mimum 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 toausventhinner materials to reduce vehicle weight

In 2017 Ford asked for help to make a joint@1@to 0.8mmthick for a newlight weight door designed

to be usedon the new Ford Explorewhen very thin bottom sheets are used the standardvetsdo

not flare erough and can breathrough the bottom sheetlf 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.

Thesimplesolutionfound was to make a new version of theri@et with amuchshaiper rivet tip. The
sharper tip caused the rivet to flaraore rapidly preventing the rivet tips from breaking throutite
thin bottom sheet. ie newmodified design ofGrivet was called the Aivet andwas first usedn

vehicle productiorto make thealuminium doordor the new Ford explorer launekd in 2019.

Figurel8, Successfuiiveting of very thin 0.75mm to 0.75mm aluminium for a car door using sharptiyef

The same solutionvas used to create a 5mm shank diameter version of thivet for making
structural joints on car bodies where joints with thin bottom sheets were requiraglire19 showsa
failure result in batom sheet thicknessisinga Grivet, versus a much better bottom sheet thickness
result for anA-rivet. The new 5mm Aivet 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 constroct
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Figurel9, 3Taluminiumjoint 0.9mm Ac600 + 0.9mm Ac170 + 1.2RA5754Crivet fail (right) versusA-rivet pass(left)

SPR was developédr joining aluminiumbut most of thelatestcar models are using a mix witra-
highstrength steel and aluminiunThe new generation of car bodies areng Press Hardenede®g|
(PHSJo produce a strong safety cagéth thin steel sheefor maximumpassenger protectiowhile
achievingsome light weighting compared to using thicker coni@mal steels. The high strength steel
crash structure is being combined wigluminium togainsomeweight reductions on other parts of

the car body this combination is enabling these cars to be fitedelctric drivesystems.

This trend is being followeldy all of the car companies) the last three yearseveralcar companies
havecontacted Atlas Copco to requasteting solutions fojoining Ultra-High Srength Seel (UHSS)

to aluminiumto enable thesenew generation of mixed material car bodies torhade.

To meet this new market demand a neivet called the B@ivet has recently beedeveloped, the
new rivethasathick shankto provide thecolumn strengtmeeded topiercethrough UHS&ndhasa
shaped rivet tip to enabldlaring into the aluminium bottom sheet The BGrivet has been
predominantly designed fom PHSmaterial called Usibor which is a UHSSspecificallymade for

automotive application®y Arcilor Mittal

Due to its high mechanical strengtHS&llows 30% to 50% weight saving as omub® other cold
rolled grades (Matwb.com, 2019)which is why this material iseingusedin manynew car models
Figure20, shows an examplef a UHSS to aluminium joint made using the newrB@&t. The first
production vehicleto be made with he new BG rivet with be thdaguarelectric MLA platform
launching in 2020and an electric car madim Chinaby a new car company called-Ways also

launching in 2020.

Figure20, Picture of the latest rivadesign called the B@vet, 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 wort therinext 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 solutianfor each group of joint stacks.

23wA d®1IS a

The riveting parameters involved in making an SPR joint are listeidune21 below.

Typical SPR format @ Rivet length

- Longer rivets required to pierce multiple
layers

— Determined by thickness of material to
be joined

Rivet geometry

— Body style

— Wall thickness

— Tip geometry

- Determined by material type being joined

Rivet diameter

- @ 3mm for thin material

- © 5mm for structural

- Determined by application

@ Rivet hardness
- Influences rivet flare
Head — Determined by hardness of material
) being joined

@ Rivet head style

&8

- Flush heads for mating panels
Web - Flat heads for UHSS
— Determined by application

Die volume

Leg - Increases with rivet size
- Influences rivet performance

Length

— Determined by material ductility

O Die geometry

- Influences rivet flare
Shank @ - Determined by material type

Figure21, Riveting parameters involved in making a good SPR RAHS, 2016, with support from the author

2.3.1Rivet length

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

only made attmmlength intervals. Whethe materials beinggined by the customers changed from
easy b rivet 5XXX alloys to less ductile 6XXX allbgsaimlengthintervalswere 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 closurdse thble shows the available lengths of the

rivet which generally cover the requirements of the stacks.
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The ‘XX’ code specifies the nominal rivet length, L. See tables below:

HHOOOCAXO XXX XX code Length, L (mm) XX code Length, L (mm)
XXXXXXCHAK/XXXX OF 3.25 09 90
- ON 35 ocC 95
+ 0J 3.75 10 10.0
5] |
& 04 4.0 1C 105
-
oP 4.25 11 11.0
OE 4.5 1K 11.5
XXXNXXIVIXXX S XXXX
XXXNXXLXXX/XXKX 0B 4.75 12 12.0
[ 05 5.0 1D 125
- 0G 5.5 13 13.0
=
=) | 06 6.0 1E 135
c
L oD 6.5 14 14.0
07 7.0 15 15.0
XXXXXXPXXX/XXXX oM 7.5 16 16.0
OOOOOCFXX XXXX
08 8.0 18 18.0
{ 0A 8.5 19 19.0
-
£ |
[=2]
=}
@
-

Tablel, Rivet lagth availability tableAtlas Copco Rivet Brochure 2019)

2.3.2Rvet Types andHead Style

The most widely used #&mmotive rivets have already been introduced in the overview of how SPR

developed Figure22 below shows the range of standard rivet types.

Most automotive joints are made using countersink head rivets to achieve a flush suwfacalle
other parts to be added later without the rivet heads getting in the weigure22 below shows the

range of standard rivet head styles.
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Rivet types: A3 c3 13 P3 R3
L. I | ¢ | i

A5 Cc5 K5 P5 T5 BG HG PG

Nl 7Y
| a 7 ‘ fjrﬁ

Head styles:

@775 @175 N @775 ‘ @775 v @175 ’ v G775 ’ G775

031 ; i | 10,751

*i iﬁ I 1_0& ] 1131 ‘ - ‘ ‘ | Ll
N 1

L,,
=t
N
N
|
N
_

l

bs5 @55 @55
02) 102) i

f N

N Al % f {
L L L

A @3mm Co®3mm P®3mm

Figure22, Diagram showing the standard Fig@&ivet types and head stylesAflas Copco Rivet Brochure 2019)

2.3.3Rivet diameter

1 3.0mmshank diameter rivet, these are used for thin materials for-stmctural joining.
1 5.0mmshank diameter rivet, these aresed forstructural joining of alminiumor mild steel.

1 5.5mm shank diameter rivet, these are used for structural joininggif strength steel.

Figure24, Cross section image showing 3mm, 5mm and 5.5mm shank dimater rivets

2.3.4Rivet hardness

Rivets are made bgforging and extrusion process using cold forming boron steieé€ and they go

through four main process stagas shown below:

Heat
Material Cold Forging Grit Blasting Coating
Treatment

Figure25, Rivet Production ProcesSlarke, 200y
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It is the heat treatment stage that determines thertiaess of rivetsthe rivets are all hardened at the
same 900C temperature and oil quenched to achieve a fully martensitic structure, then tempered at

different temperatures to achieve different hardness levels, theseshown inTable 2 below.

Due to new aluminium alloys being employed by car makeestra hardness levels have been
introduced for the sdkr rivets. FromTlable2 below, it can be seen that between levels 2 to 6 there is
a small overlap iilv range in each of the neighbouring hardadevels. Previously, betwebardness
levels 1 to 2, there was no overlap which resulted in the riveigieprocess window having a gap t

remove thisgap, two new hardness levels and H, were introduced.

Heat treatment | Hardness range (H
level 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

Table2, 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 thisHoyéng the same joint wittlan Aluminium

top sheet and two subsequent layers of mild steel. The first joint is using rivet level H1 whilst the next
one is using leveli2. The H1 rivet, due to being sofisrmot able to pierce the steel ansiforced to

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

joint andthe rivetmanages to pierce through the steel layer and flare out to a reasonable extent.
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Figure26, lllustration of effetof rivet hardness levebn rivet insertion same jointwith H1 rivet (left) and H2 rivet (right)

2.3.5Rivethole style

1 Crivet and Krivet: the rivet has a flared hole with a thin web, also referred to as deatnilar.
1 T-rivet: therivet has a flared hole Wi web removed, also referred to as fully tubular.

1 PGrivet and B@ivet: this rivet has a flared hole with a thick web, also referred to as-$ebilar.

Figure27, Images of @ivet, Trivet, and PGivet

2.45 A(S2 LIS a

Die geometnjsnot as intricate as the rivet geometriut 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 applicat®d® of joints are made using just three

die types, these are DG, DP and DZ.

1 W5DQ LINE Fla baiomadide fpréfile, normally used with @3mm, @5mm and @5.5mm
rivets and preferred profile due to low wear agdoddamage tolerance.

f W5t Q LINE Raditis8d die {prafile@h small central pipnormally used with @3mm and
@5mm rivets.

 W5¥%Q LINE Raxitis8ddieipiiolld wih large central pipnormally used with @3mm and

@5mm rivets and useful when joining thin sheets.
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Figure28, From &ft to right,3D dwg oDG, 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 degth 1.mmto 2.4mmdeep

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

Figure29, From left to right 2D cross section dwg of DG, DP and DZ type dies.

25WA OSSO LYyaSNliaR§ga 91j dza LIYSy i

2.5.1Simulaton of differentrivet insertionequipment

The development ofivet insertion simulatioropens 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, versudools which apply a late clamp to the joint stackeafthe rivet has been inserted. Or for

a further examplethe difference between tools which achievefdient rivet insertion speeds or

different maximum insertion forcegTechSpec 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 scoppame 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 asthe effect of dfferent clamping loads or the effect of different nose and die diameters.
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2.5.2Rivet insertion equipment used in this stuly the physical lab tests

The seHpiercing rivets used in this thesis were insertey either using a servo setter where the
velocity of the servo riveting tools the main adjustment contrpobr by a hydraulic setter where
changing theoil presaire is the main adjustment controlThere are several different types of

equipmen that can insert the rivet, these atwiefly describedelow.

2.5.3Ri\Lite Portable Battery dol

RwLite tools are primarily used for carash repair purposes in garagend for low volume car
production The rivlite tool has a proper preclamp function and delivers a rivet insertion force of 50KN,

this isanimpressivecapabilityfor a smallportable battery powered tool.

From a riveting capabilifyerspectivethe mostsignificantdifference compared to the industrial tools
used on car assembly lineghst the rivet is inserted much momowly, the piercing and flovef high
strengthmaterialstendsto be better when the rivet is inserted at high epd The second difference

is the Gframe deflection tends to be a lot more due to the smaller size-sh@e. (TechSpec 2019)

Figure30, RivlitePortable Battery Tool

2.5.4Hydraulic double acting and pamping 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 controfeddjusting the
hydraulicoil presaire, up to a maximum of 2Har with a standard C frame or 256& with a heavy

duty C frameThe hydraulic pressure is adjusted until the correct rivetimgtiepth is achievedThe

rivet seting depth can bdimited by installing ashim inside the riveting toolo act as a mechanical
stop. Using a shiris common practice for general industry tools tladwaysinsert the same rivet into

the same tack and require no flexibility.

Hydraulic tools are mainly used for gendaradustry 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 fluidhrough pipesonto a robottool that needs to move into many different

positions, anddue tothe risk of hydraulic oil leakage in the event of pipe damégechSpec 2019).

Figure31, Picture of stand mounted and hanger mounted hydraulic tools

2.5.5Servo tools

The Henrob servo electric towbrks by adingkinetic energy to a rotating flywheel and then releasing
this energyinto a linear travel roller screto createvery rapid rivet insertion speeds. The main benefit
of this approach is higher insertion speeds compared to a direct drive servo setteat konger

gearbox life due taisconnecting thalrive 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 stageforethe rivet is ingrted. To provide som#éne 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 equipm@mtchSpec 2®)

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 forifis 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 toolsra limited to 80kN to enable a 10 nidlh cycle tool usage before a major service
Figure32 below shows a standard Henrob servo tool, in this image the flywheel onftihie cetter is

clearly visiblgTechSpec 2019)
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Figure32, Standard robt mounted Henrob servo tool for blow feed rivet supply

The competitor servo rivetingystems use direct drivavet insertion, the main disadvantage of this
approach is slower rivet insertion speeds, the main advantatieiability tomonitor both forceand
position during the rivet insertioand 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 firethSpec 2019}housands

of both types of servo rivet setter are in s at car plants and both approaches have been proven
to work well withexcellent reliability and veriittle downtime. Car plants usually have a minimum

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

26! ROl yEVRSEl RO yiw3asSa 27F
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:

2.6.1Versatility

As opposed to some other joining mettmdSPR 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 metdGerritsen, 2016).

Compared to conventiaa solid rivets or blind rivetSPR create theitown hole so there ismneed
for apredrilled hole (Barnes, 2000his saves time and manpower thus lowering costs in comparison

to other types of riveting and increasing productivitfpuring car body assembly it is considered
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difficult to align premade holesin overlapping sheetto inserta rivet, for this reasorthe use of
fasteners that require premade holésgenerally 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 thenvironmentalimpact benefits compared to resistance spot welding
where toxic fumes are emitted due to vapourising the adhesive between the shénetie they are
welded and where a large amount of electricity rsquired to generate theresistanceheating

required to melt highly conductive aluminiusimeets.(TechSpec 2019)
Some of the commonly quoted benefits of SPR are ligggdelow (Henrob, 2005)

No sparks, fumes or heat producedring the rivet insertion

No fume extraction is required, giving &guipment 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-tmating

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

Rivet insertim does not require any heat #ss compatible with adhesives

Low energycost per rivet insertion, £0.000085 energy cost per rigééchSpec 2019)

=A =/ =4 =4 4 4 -4 -

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

2.6.2JointStrength and Fatigue Durability

Using SPR creatg@sints with better static strength than for example that of spotwelding and better
fatigue properties (Barnes et al, 2000, Henrob, 2005) as demonstratBaybye33 and Figure34.

1.6+1.6mm Al 5182

) (Source - TWI)
6
ERivet
3 mSpotweld
S
6
[F 8
m Spotclinch

Shear Peel

Figure33, Comparison of static strength of sglierce riveted joints with joints made using other methods
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Figure34, Comparison of fatige properties of selpierce riveted joints with joints made using other mettsgBlows
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 paswitches to another rivet, meaning that many rivets have to be

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

Causes of Stiffness Drop in SPR Joints

+ Deformation of the aluminium around the rivet due to cyclic loading reduces
the joint stiffness and changes the contact points/crack initiation sites.

Contact Points Contact Points Shifted Contact Points Shifted

§

8

a

2

3

S

3.0kN Load 5.5kN Load 8.0kN Load

Minimal Gap Visible Some Gap Visible Large Gap Visible
Tested for 1.6 Million cycles Tested for 93K Sample L23R-61 Tested for 4K Sample L23R-100

Figure35, Cross sectioned rivets showing how SPR joints lose stiffness afitee syclic loadingBlows 2014)

PR rivetereate a wateitight seal which makes them resistantdorrosion due to rivet not piercing
the bottom sheet (Vorobyov, 2013). Due to rivet insertion being a cold forming process there are no
changes in materigdroperties (on microstructural level) and there is little or no damage teqoeed

materials (Henrob, 2005, Gerritsen, 2016).

The quality of SPRints can be checked visually to a certain extent thg.button is symmetrical, of
the correct diameterand shape and with noracks. The tip of the rivet should not pierce the bottom
sheet and the head of the rivet should be close assjtbs to the top sheet wittno gaps undethe

rivet head(Gerritsen, 2016).
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2.6.3Costs

The cost of rivets has fallen signifitignover 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 makesns®R fa

cost competitive per joint against RSW which requires a lot of electrical power (Briskda®) 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 (Briskh2@19) 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 requirementsrfpre-drilled holes (Barne2000), water cooling,or extraction

systems (Carle aBlount, 1999) all saving timmanpower and additional costs.

In addifon, the installation of SPBystems is relatively simple and less costly than for example
equipment for welding (Barnes, 20083 services like water cooling, high ampage electriaitgifume

extraction are not requiredHenrob, 2005, Vorobyov et al, 2013, Gerritsen, 2016).

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

2.6.4Access

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

die are required(Gerritsen, 2016>frame access studies are an important part of planning a SPR
production cell to ensure there are no clashes as demonstratEgyure36, (Vorobyo2013).Modern

3D CAD sysins 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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Figure36, Accessstudies to check -@ame design needetbr selfpierce riveting/Atlas Copco Riveting Guidelines 2019)

2.6.5High 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 thé@aotitsen,

2016).

2.6.6Process limitations

There are somémitations in terns of the riveting direction, the main requirement is that stacks must
have athick enoughsheets at the bottom so that there is enough space for the rivet to flare and to

produce strang interlock. (Briskham, 2016, Voroby2013) as demonstrated iRigure37.

Figure37, Rivet insertion direction, left thick bottom sheet, right thin bottom sheet

2.6.7Permanency of the joint

There is neasyoption of removing the joint oncéhe rivet has beerset, as the material local to the

rivet has been deformed and cold workd@erritsen, 2016)f rivets need to be removed they can be

pushed out (extracted) using a handheld rivlite tool with a cehaped plungeand a hollow die to

Lldza K 2y GKS NAR@SG GF Af idtoyhe holaizdhk dicfekn@/indNdveBs Sising 2 dzli Wk
this tool is a fast and simple proce&eplacement rivets are usually positioned next to where rivets

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

The rivets are the primary costs of this joining technique (Gerrit26h6) and it means continued
dependency omivet supplies. SR 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).

2.6.9Appearance

The pesence of aaisedbutton on the de side of the joint isindesirable forsome applicationsThe

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 sidganel, for these joints laser welding is usually used and the weld surface may be

ground and polished before paintin@zerritsen, 2016).

2.6.10Not suitable for brittle materials

During the rivetinsertion process a large scale plastic deformation occurs aedstieet materials
need to have enough ductility to cope with this without crackiBBRequires 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 dilet but needs to be tough enough to resist cracking.

2.6.11Each joint needs individual configuration

A key strength of SPR is that it iepeatableand consistent joining procedsowever,each jointstack
needs the correctonfigurationof rivet and die. Chasing therivet type, ength, diameter, hardness
level and coating, and combining this with the correli¢ 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.

Qurrent tooling restrictions mean that only one die and maximum of two rivets can be arsethe

rivet setter. Inscenarios where several joints are requestedone setter the testing needs to take

this into a consideration and find ondie and two rivets thatare able to join all the stacksThis
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 nhumber of different car body assemblies. Car
makers are starting to use the same lines to make gffecar modelsijn order to be able to adjust

the production volumes for each model based on custonreleo levels The development of four

rivet feeds and die changers has been conducted to respond to this new demand fdtexdrie
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production cells(Briskham, 201P Figure38 shows thevariables influencinghe quality of a sdt

pierce riveted joint.

Joint design Rivets Punch and die tooling
- Flange width - Rivet design - Die design

- Edge distance fit-up - Rivet material - Alignment

- Alignment - Heat treatment - Die and punch

- Accessibility - Coating surface condition

- Rivet spacing
- Sheet order

- “ - JOINT
7z X % QUALITY
Process parameters Equipment Materials
- Pre-clamping - Mechanical - Strength / hardness
- Setting force - Stability - Thickness variations
- Force /distance - Deflection - Cleanliness
control - Load capacity - Lubricants
- Loading - Size - Surface coatings
- Punching rate setting - Duty cycle
cycle - Rivet feed system

Figure38, Variables influencing SPR procésdas Copco Riveting Guidelines 2019
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With so many variables affecting the quality of a joint it is essential to have the meassesking

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

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

2.7.1Visual inspection of a joint

By visually checking the joint after rivetingetfollowing aspects can be assessed:

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

flat tip). A high rivet head is a clesign of not enough force or too loaga rivetbeing used

HHG Radius 9.0mm for 5mm SPR
HHG Radius 7.0mm for 3mm SPR

<—DTI Probe

DTl Leg

I
I
I
I
Figure39, (left) Rivet Head Height Gauge with 18mm nose and flat(tight) User guide diagram. (AC SPR spec 2019)

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

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

the head therivet head is hot dowmand the rivet should be inserted deeper.

Cracks vibie on the buttong most customesdo 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 jointtguapic when riveting

low ductility aluminium die castings or 6XXX alloys in T6 condition. The best way to avoid button
crackng is to use very shallow dies or to heat treat the part to increase the dudtlgyre40 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.

Figure40, Example of button cracking in atuminium castingoeing solved by heat treating the casting. (Briskham 2019)

2.7.2Cross sectioning

External inspection of the joint can check a few things dngs notchecka number ofparameters

that can only be seen bypening up the joint. Cross sectionispownin Figure41lis frequently used

in the industry to check SPR joint qua{iBerritsen, 2016). It is alssed to compare simulated results

with physical testresults. The process of cross sectioning involves cutting the samplssaitre
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 rivetnufacturer.

-0.04 mm 7.79 mm

Y:0.90 mm
X:0.49 mm

0.34 mm

Figured1, Cross sectioned joint with measurements recorded on the image in the standard manner. (AC SPR spec 2019)
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2.7.2.1Measuringcross sectioned joints

Explanations and specifications for the three main measurementsxgkined below. The range of
values usedor assessing joint quality were developed over many yégrthe most experienced

rivetingengineers at HenrobMost customers use this criteria, some use their own pass/fail values.

HHM (+ or -) Head @ }

Key
HHM Head Height Macro

Head Rivet Head Diameter

L dY Left sided lockdepth in Y direction

LintX Left sided interlock in X direction
RdY  Right sided lockdepth in Y direction
RintX Right sided interlock in X direction

LdY
L intX

Table3, Specification for how to measure a cross section (Atlas Copco SPR spec 2019)

Tmin Minimum bottom sheet thickness Tmin

Nominal Shank &
Acceptance Criteria HH Process Window Test
(Nominal = Flush) @5 Rivet @3 Rivet

Upper +0.2mm =0.15mm 20.15mm
Tmin Nominal 0.0mm =0.15mm 20.15mm
Lower -0.2mm(" No break-throught®
Upper +0.2mm 20.1mm@ 20.1mm@
Average intX ! @ @
(LintX+RintX)2 Nominal 0.0mm =0.2mm 20.1mm
Lower -0.2mm(" 20.2mm 20.1mm@
Interlock X
LintX or RintX - =0.1mm 20.1mm
|C(>|i|:’til:PB$QY - =0.3mm 20.2mm

1) If -0.2mm cannot be reached at maximum setting force specified in manual by equipment supplier, use value achieved at maximum setting force
2) If Avg intX cannot be achieved, conduct Coach Peel fensile [ests to confirm joint achieves minimum peel strength required for the application

3) If break-through occurs, corrosion testing or further preventative measures should be considered, especially in wet areas

Figure42, Recommended specification for pass/fail cross section measurement values a (Atlas Copco SPR spec 2019)

2.7.2.2Head height

This is a distance hyhich the top of the rivet is sticking up above the &iget or is buriedelow the
surface of the top sheefhe ideal value for head height for Henrob rivet®ifave aflush head i.e.
0.00mm and the recommended value range for productiperationisto staybetween-0.2mm and

+0.2mm.The images below show examples of different head height leveteo different joints.
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Figure43, Head height measurememtxamples, from left to right, headhigh,head flush, heatburied

2.7.2.3Interlock

This is the distance by which the rivet leg is inseffitated) 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 fing together steel sheets.

If interlock is less than 0.40mim aluminiumor less than 0.2mnn stee| the joint is considered to be
a fail. Occasionally, the rivet does natanage to fully pierce the top aniddle sheetwhich stays
wrapped around the leghis is called¥2 NIt NP dzy' R ATYisl iotdntially) sigh of blunt tipor
unsuitable choice of rivebut is acceptdle in some specific instancdsigure44 & Figure45, below

showsexamples of difrent amountsof interlock and how interlock is measured.

Figure44, Left to right, example odiifferent amounts ofnterlock¢ good,out of spec,and nonexistent
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L intX L intX L intX
-
Example interlock measurement in a Example interlock measurement in a Example wrap around interlock
2 sheet stack 3 sheet stack measurement

Figure45, Diagram showing howmterlock is measure on different joint stacks (Atlas Copco SPR spec 2019)

2.7.2.4Tmin

This is the thickness of the thinnest section of bottom sheet after the rivet has been insarked.
minimum recommended/alue for Tmin is 0.2mpreome automotivemanufacturesaccept alower

value as minimum spec.

Failure mode for Tmin is a breakthrough or a value below the apéahis 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. Theimages below show examplesadod and bad Tin as well as a breakthrough.

Figure46, Example of a good Tmin and faildnein

3m§¥&

Tmin

Tmin

Figure47, Diagram showing how Tmin is measured (Atlas Copco SPRO4/8c

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

made whereT'min is sacrified for interlock by pushing the rivet degpecreate a stronger interlock

2.7.2.50ther joint assessment criteria

Joints qualityalso depends on other criteria, such as

9 Cracked rivet leg sign of rivet over stressed, s€&gure49

1 Asymmetriaivet legsg signof unsuitable rivet/die selection, sdeéigure49
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Gaps under the rivetdad ¢ sign of not enough force used

Cracks on the buttonsign ofdie depth too deep for a brittle bottom sheet material
Buckled or collapsed rivetsign ofunsuitable rivet or a noffieasible joinf seeFigure48
Rivet too longsee Figure48

Unfilled bore in a Tivet joint ¢ sign of stiff material or unsuitable rivet selection.

Lack of flaring, unsuitable die selection.

=A =/ =4 =4 4 4

Asymmetricabutton ¢ sign of misaligned die, séégure49

Figure48, (left) Buckledrivet, (centre) ©llapsedrivet, (right) Rivet too long.

EATT J

Figured9, (Left) Asymmetric rivet legs, (centre) Cracks in rivet, (right) Misaligeed d

It is recommenddthat for statistical reasonsinimum of five samples are made for each type of joint
being compared. A number efatisticalvalues are calculated for each of the measurements, such as
average, maximum and minimum values, coefficient of variatiomdstal deviation, + and 3SD For

a large test study this data is presented ilin@ 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 traffidight systento be used to colour the joints as pass, marginal, or fail.

2.7.3Force displacement curves

The process of rivet insertion can alsodetted as aforce-displacement curveas illustrated below.

Data for this curve is obtained by correlating the fondth which the rivet is inserted with the punch
disgacement or time of stroke. Theurve usually has a very characteristic shape isused as a
method of qualitycontrol checkng on the rivet setting equipment which looks f@deviation from

the typical shape as a deviationdicates faults in the process (Gerritsen, 20T iterature review

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

results in almost every study available.

38 Zuzana KotercovaMay 2020



Chapter2: Review of Self Pierce Riveting (SPR)

compression

clamping

piercing

setting force ———»

punch displacement

Figureb0, Forcedisplacement curvéTW| 2019

2.7.4TensileStrength

This test is used to assedwtstrength of a joint by pulling apart @m Instron tensile test machine. It
is predominantly usednly when the interlock value does not meet the SPR d¢pecheck 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. Thieints are riveted togethein a different manner for each as shown below.

Cross
Shear Peel tension

Figureb1, Tensile test joint configurations for SPR joints. (Atlas Copco SPR spec 2019)

For simplicity all three joint types are made using the same 120x38mm coupaagoints are held
in wedge grips or test fixtureand pulled apart until the saple breaks. fie resulting graph below

shows a typical example of a force v displacement output curve and max strength measurement.
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Specimen 1to 5

Laad [kN]

u} 1 2 3 4 ] -3 7 8
Tensile extension [mm]

Figure52, Example of a giph from tensile test of a lap shear joint, and diagram of grips holding the testisédRR ES,
2018)

There are several modes joint failure occurring ira strength test, as shown in the imagdelow.

Joint has failed due to the rivet tail pulling through the bottom layer(s) via a loss of
Tail pull-out interlock. A mechanical interlock is still maintained between the rivet head and the
upper sheet(s)

Joint has failed due to the rivet head pulling through the top layer(s) via a loss of
Head pull-out interlock. A mechanical interlock is still maintained between the rivet tail and the
bottom sheet(s)

Joint has failed due to a combination of rivet tail pull-out and head pull-out as

Simultaneous pull-out . S e 5 4
B described above, mechanical interlock in both sheets is wholly compromised

Joint has failed due to a reduction of the rivet’s structural integrity, such as a fracture,

Rivet fracture G s :
resultlng n WOrkaECE separation.

Joint has failed due to a separation of the workpieces via a ductile fracture.

Top sheet tear T P P q -
o A mechanical interlock is still maintained between the rivet tail and the bottom sheet(s)

Joint has failed due to a separation of the workpieces via a ductile fracture.

Bottom sheet tear L. Aoty P q
A mechanical interlock is still maintained between the rivet head and the top sheet(s)

Joint has failed due to a separation of the workpieces via a brittle fracture.

Top sheet fracture T P P q -
¥ A mechanical interlock is still maintained between the rivet tail and the bottom sheet(s)

Joint has failed due to a separation of the workpieces via a brittle fracture.

Bottom sheet fracture Lo Ao P q
A mechanical interlock is still maintained between the rivet head and the top sheet(s)

Figure53, Failure modes of SPR joititlasCopco SPR Spec 2019
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The strength of the joint is then evalwat and a decision is made whether to move the joint to a

different setteror leave it in its current location.

28¢@LJSa 2F 0SadAay3a Ay {tw

One of the disadvantages of SPR, as mentioned previously, is the fact that all joints need to be
individually configuredThis 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 jomsteel a harderivet might need to be
selected Overall thickness of the sheets is also an important factor and generas toleselect a rivet

that is 2mmlonger than the total thickess of all sheets to be joined.

Alongside of the rivet selection, shape, dep#amnd 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

2.8.1Feasibility testing

These tests are usually eithessingle 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 eRarftple 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.

2.8.2Further assessments

As mentioned abovehere are joints that may notamply with the AC specificatiothe 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 tiecpe
configuration for a given joint (for example too long to accommodate other joints orséfter) it
occasionally happens that the rivet is not set to its full length to preserve the Tmircothiscreate
a problem if the joint is situated in an arevhere corrosion is likely to occuFhis condition was
recently observed on a new electric car made by a compefitivsting equipment, where a number

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

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

Tminvalues around 0.10mm and less. The sameosion concerns apply herasif the rivet tip breaks
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through the tip is exposed and coutdrrode ina wet environment if the paint coaig added after

rivet insertion is damaged.

In case of both, a decision needs to be made if the locatidhepjoint will be likely to seenoisture.
If not, the rivet isusuallyallowed to remain in its locatm if yes, a change to fastenglanning needs

to be made e.qg. diffeent rivet or rivet coating needs to be selected.

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

to the strength of the joint. In this case, a subsequent testing of the streoifgthe 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 ad accept the reduced interlock

29/ dZNNByYy G dzaS 2F {tw
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automobile producers followed suit and in 2004 Jagudr Yy RN2 S N & - Wtsdadh8iR 2 @S NJ
vehicle baly madeof Aluminium 5XX¥ith Aluminium 6XXXkin panel¢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 (Head., 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 (Hheob, 2016, Briskham, 2016hd typicaluse d selfpierce rivetings 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
(Herrob 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 aionditioning (Henrob 2, 2016), ad 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.

210{tw Ayy20FiA2ya

There is demand fromar manufacturerso continuously improve the technology and come up with

new and improved designs (Lai and Brun, 20Dt to this demandhere isalreadya vast body of
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researchon SPR. The rivet manufacturesg(eHenrob, Tucker, Bolhoff) as well as various institutions
for materials joining such as TW2016) have produced publications abo@PRFu 2001 ,started
exploration into the effects of geometry as well as process parameters such as rivet length gdjamet
hardness, die shape etc. dne joints. This was followelly similar experimental research by Abe et

al, (2006), Sun and Khaleel (2007) and Sun et al (2007) which catedran three areas of the self
pierce rivetingj) effect of various process pameters and geometry on the joint) mechanical testing

to define static and dynamic strength using a number of different types of loading (e.g. shear, tensile)
andiii) determining relationships between the SPR process parameters and mechanical belo&viou

joints.

Pickin (2007) conducteksearch aimed at joining lightweight sandwich sheets to aluminium using
SPRin order to see how sensitive these materials are when joitie@luminium. Mutsumurg2007)

also used SPR to join dissimilar materialpairticular 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 methagaf the mechanical interlock without destructive tesgin
(2010). Also in 2010, Han et al focused attention on comparing the resissgotavelded and SPR
joints. More recently, Wood et al (2011) focused on explorimg reliability of SPR joine# typical

automotive crash speedssingU-shaped tasile test fieces

In additionthere are other technologies being combinadth SPR to improve the joining ability

SPRthese will be briefly described in the following paradrsyp

2.10.1Laser assisted SPESPR)

One of thedisadvantage®sf SPR is that all shedts be jpinted 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 theseas bottom sheetsvould result in cracking in the bottosheet(Liu et al, 2012). If the
cracksare too severe the entire bottom part of the joint can essentially fal @& shown in the below

image.

1 mm
—

Tearing of the closing head

Figure54, Cracks in thdutton leading to the button falling off exposing the rivet tif&ickel2016)
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This was the & witha joint required to haveAZ31magnesium sheeten the bottom of the joint
which was attempted by Durandet et@010)as well as goint with 7075T6 seriegluminium which

is known for low ductility, as researchedadkel(2016).To invent a soltion, the joint stackwas pre
heated by a laser beam before thiget insertion. This produced a joint without cracksd revealed
that the ductility was increased to an optimumtamperaturebetween 180°C and 210°C. However
this also resulted in incread costs by adding heating equipmerédiel et al, 2014)ncreased cycle
time (up to 5s)and it potentially can causéiquid metal embrittlement failure of the rivet due to

melting the zinc alloy rivet coatin¢Durandet et al, 201,0N/ang, 2011

(@)

Q
sl
54

Photoéraph of ariveted

NaRs- .
Photograph of a riveted joint form die side

joint form die side

Figure 55, Difference in button cracks without use of laser and with use of |d3erandet, 2008

2.10.2FrictionSPRFSPR)

Due to the ireased use of low ductility Xx seriealuminium along another methodombining SPR

with friction gir spot joininghas been reseahed. In this method, aivet with a slotted drive heads
inserted into the heets whilstalsobeingrotated. The high speed rotation combined with downward
force creates frictional heat which heathe substratematerial 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 shééfei et al, 2015, Ma et al, 2015)

I t

Figure56, Schematic diagram showing the process of friction stir SPR
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2.10.3Hydroformed SPR (HEPR)

As with the previous methgdhis method has been researched with materials with low ductility in
mind. In this process, a die is replaced bylyigressured fluid whicts used the shape bottom sheet
The fluidprovides constant support while the button is formed reducthg occurrence of cracks

(Neugebauer, 2005).

Figure57, Schematic diagramf hydro forming SPRrocess(Haque, 2017)

2.10.4Adjustable dieoption

Another variant of the above method is tase a flexibledie instead of high pressurduid, as
researchedby Drossel2014) when working on a joint with hard and brittlecast aluminium as

bottom sheet. Thislsoprovided constant support while the button was formedducing cracking.

2.10.5Kerb Konusolid SPR {SPR)

Another method that has recently beetevelopedis solid selpierce rivetingusing rivets with
grooved shankdn this method,a hollow dieis used to pnch 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 pla¢&ckel et al, 2014)The main weakness of this approach
isthat the joint strength is dictated by the strength of the aluminium pushed into the grooves on the

rivet shank.

Figure58, Example of Kerb Konusolid selipierce riveting @kel et al, 2014).
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Conducting researchmvestigadions of this typeusing physical testing lengthy and costlyand it is

difficult to covera thorough design of experiment on each of ttepacts of the process. (Mille2016).

Furthermore, apart from the few aspects of the procegsich can be propeyl monitored such as
punch force andlisplacementa lot of theprocessaspects cannot be monitored in real life and can
only be studied once the test is completed (Gruijicic et al 2(Aa¥) example it is not possible to stop

a rivet insertion part way tlwugh 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 insertidmas significant potential to support rivet development studesl
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 elementanalysishas improved immensely in recent years and is frequently
employed to aid engineering processes. However, insertion ofpsgaife 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 igluenced by a large number of variables,

successful simulatioof an SPR joint is a complex and demanding task.

The rest of this chapter is a review [eihite Element Analysi&EA in general to provide a platform

for the next chapter which isfacusedreview of FEAvork conducted on SPRsertion

312 K0 A& CAYAUOA yAINPYRIYOW Al2y§1 £ @ 4 A &

In short, the finite element analysis (FEA) is a numerical method for solving problems of engineering
and mathematical physics. It is generally used for probletitts 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 autir 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 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 finiteSeY Sy & YSi K2R OFly o©0S &S
RAAONBGAT IGA2Y 2F O2y(dAydzzy LINRPOf SYa LIR&SR o6& Yl
enable approximation to the solution of continuum problems. In his book, he further suggests that

approximation tothe continuum occurs as per below:

f a¢KS O2yGAydzdzy A& RAGARSR Ayid2 | FAYAGS ydzvYoS
specified by a finite number of parameters, and
9 The solution of the complete system as an assembly of its elements followisglyethe same

NHz Sa |a (Kz2a$8S FLIWLX AOFo6fS G2 adrkyRINR RAAONBGS
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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 tdiiscovery of crystallinity.By the end of 18th century,
scientists laid thdoundations for mathematical and physical descripiof material properties and
materials processing (Schmitz et al, 2016). Since then the theory of plasticity has beepedaid
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 eyshad 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, resegrbiit 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 meled 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 1965Jphn 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 variougp#ngineering areas such as heat transfer,

fluid dynamics (Barkanov, 2001), electromagnetic fields, soil mechanics, acoustics and biomechanics
(Tura, 2016). Some of the most used saee Asys MSCNastran LSDyna, MSCMarc, Abaqus Lisa,
Smufact(Barkanov, 2001).

33CAYAGS 9of SaviSyTiSa yI te&ana
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.

3.3.1Stage X Pre-processing

This stage couldlso 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 $ep 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 emfact, 2013, MS®Aarc, 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 foe, 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

3.3.2Stage Z; 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 v@ables 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 anogquati
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 rioelsl va
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).

3.3.3Stage I Postprocessing

In this stage the postprocessor softwaseemployed and processes the results by for example sorting,
plotting and visualising the new shape of the object, animating the model and producing-colbent

charts detailing various paraagters of the model (Hutton 2004, 2006).
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Figure59, Post processing taskBixit et al, 2013)
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Based on the level of stress exerted on the workpiece, FE analysis can be classed as static, dynamic or

quasi staticThese are considered separately below.

3.4.1Staticanalysis

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

generated by external loadin

” ” Eq. (1)

This means that the workpiece is remaining in the elastic range of thesstiraén 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 aatele 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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BO dz® azZm 1 Eq.(2)

Static analysis is often used to solve structural probléveshayekhi, 2016)

3.4.2Dynamicanalysis

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

externd loads are higher than yield strength of the material.

Ea.(3

This means that due to the external stress the workpiece entering the plastic ohtige stress strain
curveis undergoing a plastic defoation 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 Bsraatizich

means that inertia effects should be considered as prescribed by equation

BO &z Eq. 6)

This type of analysis can be used to resolve high impact prol{dashayekhi, 2016, Harish, 2019).

3.4.3Quasi stati@nalysis

The last category, a quastiatic analysidgs placed between the above two, where theternal 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.

B'O m Eq. 6)

This type of analysis can be used in cases such as metal fomhiage nonlinear problem up has

been broken down to a set of linear equations at very small increments using for example Newton
Raphson metho@iashayekhi, 2016, Harish, 2019)

2 KAfald GKS RATTSNBYyOSa 0S0G8SSy U KHysics, thérd igals6 4 Q G @
another classification of FEM analysis based on the how the solver is calculating the-resplitsit

and implicit(Mashayekhi, 2016, Harish, 2019).
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3.4.4Implicitanalysis

Both explicit and implicit analyses start in the same way, exifiectation of norinearities, 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

wherethe differences between the two come to the fof€risfield, 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 reactiocdgrat 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 balancthg @drces should aim

to reach

In order b do this, Newbn Raphson iterations are userthis, 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 trieexceeds 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 converge 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 proces time or complex processes are required, is not suitable.

3.4.5Explicitanalysis

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 areigiesaind 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 spewithout 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 st@bisfiéd, 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 tensigfaw, 2009)
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Figure60, 2D model of bar in tension
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Figure6l, Simulatiorusingimplicit andexplicit analysisd) in three steps,H) in twenty steps (Yaw, 2009)

InFigure61 (a) a simulatiorhas 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 Figure6l (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
analyseg; static, quasi stat 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 problente wWiecalculations may

not be as extensivéyaw, 2009)

35{ LISOATAO0z2BRIKZ2REAYdzZFII OG0 &a2F0 &I N

Since the software was selected before the PhD startet, appropriate tofocuson the specific

software and look at the type of methods it employs.

Theselected software, asientioned earlier, is Simufaébrming and as a solver, it uses an improved

version ofMSCMarcsoftware from MSGoftware companyDixit et al, 2013, Simufact, 20111
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This solver uses both implicit and explicit analysis in its tvadable 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 casesDixit et al, 2013, Simufact, 20Land is used forming and SPRe focusof this work

therefore will be on Finite elememmplicit analysis.

Material forming is usually governed by nbnearities and hence nclinear equations. The

MSCMarc sdver includes equations that cover the following (Dixit, 2013, Simufact, 2011):

Material non-linearities ¢ includes various dependencies of material descriptions on for example
temperature, deformation rate, porosity and whether the material is subjecteelastic deformation

only or elasteplastic deformation.

Geometric nonlinearities ¢ includes for example large deformation, present in most of the metal

forming problems.
Non-linear boundary conditiong; includes contact of workpiece and die, frictioaeHaviour etc.

To solve these types of ndimear equations an incremental approach is needed by the solver. As
explained in the section on implicit FEA, Newiaphson iterations are used by Marc solver to solve
the nortlinear equations which means thatlcalations 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 chedkg ¢ 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 equilibriamd 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).

Displacementchecking¢ 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, Simuféd1PMSCMarc solver uses this

method for its calculations.

In terms of the mesh approach, tRdSCMarc 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 counterpattiat is used as an alternative, tHeulerian

approach.
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Langrangian method with this method the materials, which essentially refer to all meshed parts of
simulation (in this case thevet and sheets) are movingith the mesh which deforms at ¢hsame

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).

Eukrian method¢ with this method, the same materials pass through the mesh which however is

fixed in space and so does not defornthwinaterials (Belytschka000).

The below image provides a simple illustration of tive methods.

»
.
.
e o oo
.

-
X1 X1

Figure62, Lagrangian method (left), Eulerian method (rightBelytschko 2000).

In terms of the solution stagehé solver used in this softwarédSC.Marc is based on the
displacement method. This method relates the force displacementsdaastiffness of the system. For

example, the basic force displacement for a linear static problem is (Dixit et al, @bd3fact, 2011)

C Eq. 6)
vo Q
K¢ stiffness matrix
u ¢ nodal displacement
f ¢ force vector
In 2D case hte governing equation would be:
Eq. 0

Up p UP G Op :Sb
g p UG G 0OG Q@

Calculation of displacement leads to further calculation of the strain can in individual elements can

based on the element displacement:

Eq. 6)

The stresses in the element are obtained from the stiesain relations:
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Eq. @)

%¢ ¢ Strain in element

" o1~ Stress in element

Uel G displacement vetor associated with the element nodal points
i ¢ straindisplacement relation

L ¢ stressstrain relation

The equations for other procedures within the solving process alsetiiBessmethod and therefore
similar to the above. For example, a governingatepn for thermemechanical calculation will be as

follows;

Eq. (0)
4°YY QYY 0O 0

C¢ heat capacity matrix

K- thermal conductivity matrix

Q¢ thermal load vector (flux)

T ¢ time derivative of the tenperature

Q' -internal heat generated due to inelastic deformation

In both equations, the stiffness matrix K, heapacity matrix C, and thermabnductivity matrix k

are all dependent on temperature.

The finite element system is comprised of local elatreystems. So for example, the global stiffness

matrix K can be expressed in terms of element stiffness matrix

Eaq. 41)
K=B U

n is the number of elements in the system. Then element stiffness matrix can be then expressed as
Eq. 12

9T o

w - Volume of element
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It should be highlighted thatllathe equations and calculations are handieatirely by the software

and the user selects parameters via graphic user interface (GUI).

Zuzana KotercovaMay 2020 57



Developing Effective Parameters for Simulation of-Biglfce Rivet Insertion

4w £ 92 Ch9a!lb / hbe{ot W hC

41t I N} Y8Z SQAYAARENBAZTFCOt Wyl £ &

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 invet in simulation of thejivenprocess is essential.
According to Altan and Tekayya (2012), the fwifg areas are ahetal formingare to be considered

in contextof simulation

1 Material behaviouig material characterization
9 Friction, lubrication and caings
1 Processdescriptionce.g. boundary conditionstype of press, speed oinsertion, clamping, €
frame deflection.
T wigSiaQr RASaAQ>X aKSSiaQ yR (22faQ 3IS2YSGOINRSa
In addition, in FEA process itself there are several factors that are considered impiortére

simulation process. Correct set up of these will influerreedimulation and its accuracy

Simulation process parameters:
Process type selection2D or3D

Mesh

Selection of contact and time step type

Procesgsype selection mechanical or thermanechanicamodel

=A =/ =4 =4 4 =

Mechanics of damage

The above factoraill be introduced in depthin the next few section& order to lay foundations for

the experimental part of this project.
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4.1.1Simulation process parameters

4.1.1.1Processype

A general procedure to acceléeasimulation 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

7 3D
1 2D axisymmetric models

1 2D planar

An example of such simplification canderocess of a ring compressi¢ifigure63). By selecting the

2D-axisymmetric modelthe Figure63a can be simplifiedo Figure63b.

a b

Figure63, Example of model simplification from 3D to &dsymmetriqgMSC.Marc, 2013).

If the model geometry and forming conditions are homogeneous in one of the three dimereioh
the length of that dimension is much longer than the other two dimensions, the simulation type 2D

plane straincan be selected as shownhigure64.

y =

a b

Figure64, Exampleof model simftification from 3Dmodelto 2D plar strain mode(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 ifrigure65) and has been therefe used in all simulations throughout this work.

Figure65, Axisymmetric view of an SPR joint completed in simulation

For presentation of the results, the software can revolve 2D axisymmetric Inode presented as

the full 3D modet, as shown in the image below.

g

Figure66, Completed simulation of 2D axisymmetric model viewed as 3D

Most of the results in this work are presented in the 2D axisymmetric mode for easenpfcgon

with a physical cross section for purposes of model validation.

4.1.1.2Meshing

4.1.1.2.1Initial mesh creation

Another parameter of setting the simulation process up is creating mesh or discretizing. As mentioned
previously in the introduction of the FEA sectidiscretizing is one of the processes that takes place
during the preprocessing 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.

A-A-A

Figure67, Simplified view of element§VSC.Marc, 2013).
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4.1.1.2.2Typesof elements
There are different types of elements which dangenerally divided into categories based on number

of dimensions they are taking into consideration (Benham et al, 1996):

Element type Dimension Visual . Used for modelling of
representation
Spring 1D o\ e Simple spring
Line 1D — Rod, bar, beam
e Membrane, thin plate, sheet. Modelling plan
Triangle 2D strain and plane stress situations and 2D
L] L

axisymmetric scenarios e.g. rivet insertion.
Membrane, thin plate, sheet. Modelling plar
Quadrilateral 2D I:I strain and plane stress situations and 2D
axisymmetric scenarios e.g. rivet insertion.
. Membrane, thin plate, sheet. Modelling plar
Tetrahedron 3D v . strain and plane stress situations and 2D
axisymmetric scenarios e.g. rivet insertion.

Hexahedron 3D I:I' Thick plgtes, bricks. Modelling 3D scenariog
e.g. tensile tests.

Figure68, Types of elementgBenham, 1996)

In general, the more elements the analysed body is subdividi 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 generalles that are suggested tollow when attempting to mesh compents of

the simulation model.

9 The mesh should have at least three elements (better still five elements) over the workpiece
thickness to cover bending stresses.
1 The mesh should be fine enough to describe the geometyrately.

1 The mesh should be fine enough to cover gradients as accurate as posssgiévidvic, 2013).

To demonstrate the difference between aarse and a finer mesh see Fig. 34. In the first picture the
visibly carser mesh does not describe the geome#ty accurately as the smaller elements in the

second picture.

Figure69, Course and fine mesh illustratigMSC.Marc, 2013).
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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 thibes 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 b from the middle of a component outwardBigure70a) or the

other way round, staihg from the edges and movingwards the middle of the comgnent (Figure

70b).

a b

Figure70, Two differenttypes of meshingdirections.

a) Mesh being built from middle outwards, b) Mesh being built from edges towards the n{ide.Marc, 2013)

Both instances have advantages and disadvanthgesssentially 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 meshitigrdirec
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 outsi8€.(Warc, 2013).

4.1.1.2.3Refinemenwindows
This compromise can be helped by selecting sui@ahe 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 shownHFigure71.
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Figure71, Refinement of mesfiMSC.Marc, 2013).

This can also go in the opposite direction, and areas wherdeformation is expected, as thsnot
an area that will affect the simulation very much, the elements can be coarsened to save

computational time.

The rdinement is usually done in levels whereby each level meaalement is split four ways, en

at a time. The best way to demonstrate this is schematically on a quadrilateral element as per below:

Figure72, Schematic of levels afieshrefinement(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 intit) or can be attached to a geometry and mavigh the mesh at the same

time (MSC.Marc, 2013)

4.1.1.2.4Remesh

In simulations of forming processes it is a frequent occurrence that the initial mesh becomes distorted
due to the large displacements and does not méet tequirements 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 seleted.
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4.1.1.2.5Types of remesh

Criteria based remeshing is triggered by one or multiple criteria that are defined at the start of

simulation.

Forced this option allows the solver to perform a remeshing to prevent a failure of the simulation
(e.g. due to hugelement distortion).
None ¢ 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 criterie @iteas follows:

Immediatec an immediate remeshing is performed before the simulation starts.

Increment frequency, a remeshing is triggered after the pspecified number of increments.

Tool penetrationg a remeshing is triggered if the tool penetratids larger than a prspecified

value.

Angle deviatiorg remeshing is performed when the angle deviation of one element is larger than

a presspecified value.

Element distortiong a remeshing is perfoned when a prespecified elementistortion level is
exceeded.

Strain change; a remeshing is performed when a strain change that is larger than the pre
specified value occurs

Minimum thickness; a remeshing follows when the workpiece element is thinner than the pre
specified value. This option is compulsaoy 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 snall parts cause issues with stress calculations).

4.1.1.3Cut distance

Duringthe rivetinsertionprocess, splitting of the sheet occurs which can cdbseslements size to

decrease in proces#.these become too small, thegan cause issues with meshing funthieto the

simulation and therefore it is recommended to remove these from the process. The software offers

an option to specify what sizeaghent should beaemoved from the procesdlhis is calculated as a

percentage of the workpiece area.

Zuzana KotercovaMay 2020



Chapter4: Review of FEA in context of SPR

4.1.1.4Timestep

A relted concept to meshalso 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 dispiants in each individual elements

which are always the starting point for the next time s{&SC.Marc, 2013, Simufact, 2015).

There aretwo different types ofthe time steging control, automatic and manual. In the automatic
option, the time step iseadected by the solver based on the previous selection of process for the
simulation (e.g. mechanical joining > saircing). In the manual option, there are two further
options, one of which includes the user setting a number of steps themselves. Tius @
predominantly usedor the simulation of stationary processes such as upsetting. The second one is
adaptive time stepping, ith this method the step size can be adapted by solver duringthise of
simulation. Depending on the selected criteriand thecurrent state of process, the step size could

be increased if thgiven threshold is not reached and be decreased if the threshektmseded in the
increment(MSC.Marc, 2013).

It can be specified to be calculated based on displacement, forceemss 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 fairlyimple such asvhen 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 equéi§iZeMarc,

2013, Simufact, 2015).

However, the next step might be more difficult as fhench 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 prabkcribe
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 iteratio8S.Warc, 2013,
Simufact, 2015).

1 Distortion: the step size is controtidbased 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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1 Increment strain change: the step size is controlled basethermaxallowed strain change of
each increment. This valuepresens the percentagstrain change so it must be between 0 and
1. Default value is 0.05.

1 Temperature change: the step size is controlled based omtteallowed temperature change
of each increment. This is defined by the input value here. It is only awaiftattheating, cooling
and heat treatment process.

9 Displacement change: the step size is controlled based omthallowed displacement of each
increment. This is defined by the input value here. This is especially useful for a process with
alternating \elocities. 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. (BC.Marc, 2013, Simufact, 2015).

4.1.1.5Contact

In FE modelling, contact meansfohing 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:

1 Nodeto-segment

1 Segmenito-segment

Node isa location on an element (Simufact, 2015) as shown in figigere73a whilst segment refers

to a portion of a deformable body that is used in in simulations i.e. rivet segment as shéiguia

Y U |

Figure73, lllustration of nodgleft) and segment (right)

Nodeto-segment contact
Nodeto-segment contact is the default contact method for a wide range of applicatidres ontact

is checked bsveen nodes of ondodyto segments of the othebbody.

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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separaton and friction are applied, which control whether the iteration procesiapleted or not
(Simufact, 2015)

Nodeto-segment contact is the preferred contact type for:

1 All forming processes, that consist of one single workpiece
1 Coupled die stress anaig

1 Separation problems with high demands on accuracy (sheet forming, part ejection, backstroke)

Nodeto-segment contact reaches its limits in applications where deformbbtbto-deformable
body (e.g. rivet to shets, sheet to sheet) contaaiccurs, espeially in cases where high contact
pressure is applied. This can lead to penetration and performance problems within theatsimul

process (Simufact, 2015)
The behaviour can be improved by following the rules below:

1 Define single sided contact from the dywith lower stiffness to the body with higher stiffness
1 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 fortaestgyment

contact:

1 Contact depends on direction of contact definition
1 Contact depends on element sizes of the contact bodies

1 Contact depends on stiffness of the materials

4.1.1.5.1Segmento-segment contact

Segmentto-segment contact is a newly developed contacbalfym that overcomes the limitations

of the nodeto-segment contactContact is checked between segments of one body to segments of
the other contact bodylt can be described as an unconstrained optimization problem with the

objective to minimize the pegtration by adding terms to the stiffness matr{Gimufact, 2015)
Segmentto-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 denwith a penalty factorthat describes the force being applied to eliminate a

certain amount of penetration.
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o Ea.(139

F ¢ Force in normal direction
kn¢ Penalty factor in normal direction

oG 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 stiffnesgSimufact, 2015)

Eq.(14)

R ¢ Force in tangential direction
k: ¢ Penalty factor in tangential direction

o ¢ Penetration in tangential direction

Same rule applies here too, if force in tangential direction equals zero, thaegtiadion in tangential

direction is also zero.
Augmentation mode

The augmentation mode adds another term to the stiffness matrix in order to enforce the penetration

G2 0S avYrftSNIOGKIY  OSNIIAY UGUKNBAKFORAGDIf dzSP ¢ K

Segmentto-segment contact is the preferred contact type for deformabtaly-to-deformablebody

contact. The benefits are:

1 No direction dependencies
1 No element size dependencies

9 Better stress continuity at contact interfaces

There are also limitadins to this model and this is mainly that it is less accurate for separation

problems (Simufact, 2015).

For SPR, it is suggested that the segrtergaegment contact method as multiple rigid and deformable
bodies are in contact (TechSpecl, 2019). Caraerd@018) suggested using the same method in his

work on numerical analysis of aluminium alloy joints using the same software.
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4.1.1.6Temperature

Part of the setting up the simulation model is a requirement for the user is required to decide whether
this should le a thermemechanical or mechanical only calculation. If mechanical process is selected,
no temperature is calculated. If on the other hand a thermechanical simulation iselected, the
software uses aumber ofparameters to calculate the temperature hich are essential to running a
simulation if thermos mechanical model is choseFhese are thermal conductivity, specific head

capacity and dissipation factor and will be explained in the following section.

4.1.1.6.1Thermal conductivity

The heat can spread throb@bject in three different ways;onduction, 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 advaagainst 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 eatart moving faster

and whenthey come into contact wit 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.
CKSNXYIf O2yRdzOGAQGAGEY GKSNBF2NB A& | YSIFadaNB 27

All metds are conductors of heat although they vary in their abilitié®r examplemetal silver,

copper, goldaluminiumand brasare the top fivemetals with highest thermal conductivity, whilst

steel and bronze have the lowest thermal conductivity. Thermadtuotivity is a transport property

and depends on the physical structure of the matter (Elmelin, 2019). By Fourier's law can be correlated
G2 GKS KSFG FtdzE I ONRaa | adNFIFO9: 6lé¢0 FyR (GKS

Eq.(19

N & Momentary temperature gradient

lj & Heat flux across a surface

Typical units are W/(m K) or J/(m s(Bmufact, 2015)

Zuzana KotercovaMay 2020 69



Developing Effective Parameters for Simulation of-Bielfce Rivet Insgon

4.1.1.6.2Specific heat capacity

The specific heat capacity (c) is the amount of energy (q) needed to raisentipetature of 1kg of
mass (m) by 1 °K. The value must be defined with respect to the temperature. A simple approach is
given by (Simufact, 201blelmenstine, 2019)

n Eq.(16)

Below are some examples of the aleomentioned material properties in different materials.
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Figure74, Example of heat Specific heat capacity and thermal conductivity in rivet materials (Hardness (8iraLigjct,

2015)
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Figure75, Example of heat specific heat capacity and thermal conductivity in soft aluminium sheet materials82A

(Simufact, 2015)
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Specific heat capacity Thermal conductivity
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Figure76, Example of heat specific heat capacity and thermal conductivity in mildsfteet materials (DP60Q$imufact,

2015)

4.1.1.6.3Dissipation 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

gengated. This is a dimensionless quantity that is constant in the entire n{S8daufact, 2015)

4.1.1.6.4Latent heat
There are several parameters that can be input under this category but all aressemtial values

that can be added for better accuracy, howevdie simulation can run without them.

1 Solidus temperature The temperature at which the material is completely solid

1 Melting temperatureg The lowest temperature at which theaterial is completely liquid. The
melting temperature must be greater than thelglus temperature.

1 Evaporation temperature The temperature at which a liquid is in the gaseous state.

9 Latent heat for melting; The amount of energy needed to make a solid sample liquid.

1 Latent heat for evaporation The heat needed to convert a certaamount of a liquid into a
gaseous state.

1 Acl temperature; The temperature at which the austenite formation begins.

1 Ac3 temperature; The temperature at which the transformation thfe ferrite into austenite
ends (Simufact, 2015).

4.1.1.7Flow curves

In additionto 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 theraecbanical caulation. 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 incremehsimulation proceséthe result of the

thermal calculaibnis fed into to sress one and so gn

In the thermal calculation, a heat transfer analysicasnpleted 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 mechardl 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 temperatueding to the

strain the material is submitted to. In addition to this dissipation &iation, conversion factors are

then used and the heat that comes from mechanical work is added to the next thermal calculation
(TechSpecl, 2019raradente (2016) hamlvised in his paper that therramechanical model with

flow curves obtained at different temperatures has been beneficial to numerical modelling of 5xxx

series of aluminium alloys.
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Figure77, Example of flow curves obtained miultiple 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 aenly available at one temperature.
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4.1.1.8Mechanics of damage

Apart from just forming, another process that takes place during the SPR insertamagd by rivet
piercing thesheets which subsequently split into two. To be able to describe this process, &ither
damage criteria or damage models ameeded. The below section witlescribe 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 m in this report.

Lemaitre damage model
Oyane damage model

1
1
1 CockroftLatham damage model
1 JohnsorCook damage model

These models can be divided into two groups, micro mechanical and macro mechanical models:
Micro mechanical models

1 Aim is to describe crackifiation and propagation of the ductile fracture

1 Concerned with void formation, void growth and materiata#esion

9 Detailed description, mathematically complex, complex material parameters
1 Lemaitre & Qane

Macro mechanical models

Aim is to investigatéhe causes of critical material statestresses and strains

Concerned with stresses and strains parameters, temporal evolution, strain related

Easy models, no parameters, not universal

=A =_ =4 =4

CockroftLatham &Johnson Cook

4.1.1.9Lemaitre 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 calibrpégdmeters 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 grside a

volume element, it reduces its surface base. Now the element has to tratisfesame load to a
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smaller areai.e. the acting stress increases with increasing damage. (In reality, the stress "avoids" the
remaining "areas" , but here the effeof 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 comon 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 damagecfémental formula

for the absolute damage is as follows (Simufact, 2015):

Eq.(1
— 0.07)

¢cO™ ©O

Q0

D - Absolute damage

Fn) - Function of triaxiality

" ¢ Von Mises stress

Ec, 2dzy 3Qa& Y2 Rdz dza

S¢ Damage resistance

Triaxiality of materials means th#t material properties are obtained ithe most frequently used
material testi.e. tensile testthis is in uniaxial directioanly. Howeverjn the later stages of thinsile
test, referred to asnecking 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 stedson Mises equivalent
stress (Ashby, 1996).

Ea.(19)

' - Triaxiality
" m¢ Hydrostatic / mean normal stress

*v¢ Von Mises stress
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Hydrostatic/ mean normal stress can be calculated as follows:

” ” ” Eq(lg)
” O_
"1, 2, 3 - Principal stress in all three directions
Von Mises stress can be calculated as follows:
P Eq.(20)
” I\AE ” ” ” ” ” ”

Functian of triaxiality can be calculated as follows:

Eq.(21)

Q- o p ¢ -

aln
©

A¢ Poisson ratio

While the material defects are more statistical and difficult to describe, a critical value for stresses /

stress stags 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.

5 Eq.(22)
O ©O p O
” “Q_
D. - Critical damage
D - Absolute damage
Fny - Function of triaxiality
Eq.(23)
“Q— E p 1] 0. p ca _
o

“v-Von Mises stres
Dy - critical damage in a uniaxial tension test

a ¢ Triaxiality

With the decrease of the critical damage the probability of cracking increases (Simufact, 2015). Crack

sensitivity @n be determined by comparing the absolute damage D in the material and the crack
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sensitivity of the forming zone .DNVhen both values approach, a macroscopic crack occurs. This
comparison is captured by relative damage.Dn Simufactforming this is diplayed as Relative
Lemaitre Damage. The higher the value tends towargs[d , the mordikely is the crack occurrence
(Simufact, 2015).

As long as D < D, Safe, no danger

Critical, danger o,
But when D = Dc ger of

crack

Figure78, Criteria used in Lemaitre damage model (Simufact, 2015)

4.1.1.100yane 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-dehesion. The damagealculation 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 $¥Marc, 2013, Packo, 2011)

Eq.(24)

6 -®0 6

Cc¢ element removal threshold
" maxG Maximum tensile stress
* ¢ flow stress

Cesstrainrate

B ¢ material constant

4.1.1.11CockroftLathamdamagemodel

The Cockroftatham damage model is a macr@chanical 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 8d.Marc, 2013, Packo, 2011). Out of the four models, this is
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the only ore that does not requirénput of parameters obtained in external measurements and uses

only values generated in process of simulation.

" . Eq.(25)
—-0®0 O

Cc element removal threshold

" max§ maximum tensile stress

* ¢ flow stress

C-strainrate

4.1.1.12JohnsorCook damage model

The JohnsoiCook damage model is a macro mechanical modbe damagesi 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.

Y 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:

-0 0QOy Eq.(27)

' * - triaxiality of the actual stress state

D1- D3- Material parameters

Material parameters can be determined in tensile tests. At least theasite 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 patemtas 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 itead 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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4.1.1.13Minimumthicknesscriteriamesh separation

As mentioned previously, most of the models apart from CocKkratham regire additional data to
function which is not always easy to obtain, and therefore anothethodto estimate when damage
in form of cracking should happen to the sheet is Minimum thickness criteria mesh sepaftien
model involves pre-specifying the mallest thickness the materiatan reachfollowing during
deformationbefore sheet completelysplitting to simulate the fracture and simulation removing any
split elements below certain criteria to prevent any issues with remesHihig. can be applicabla
SPR where the top (and middle) sheets need tdftaeturedby the rivet leg as demonstrated in the

image below.

Figure79, Minimum thickness criteria mesh separation, specifying the smallest thickness the material can reach

If this criteria isnot set, the splitting is disallowed and eventually the simulation will reach very high
load pressing on the sheets but not being allowed to defothis can lead to unrealistic stresses

calculation and eventuallyarlytermination of the simulation.

Figure80, Miminum thicknes criteria set to 0.10mmidft) setting notactivated (right)

The rule of the thumb advisebly Simufacstaffis to usethickness no less than 1/3 of the element size

asthis can lead to instabilities in the mesh and consequently simulsitiogly not run their full course.
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4.1.1.14Assessment alamage simulatiofased 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 Gursdivergaard damage model which describes the piercing of the
sheet material as a ductile failure phenomenon. This waald 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 Lecoaipied 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 simplersstaclvever less so for complex stacks,

where results were less accurate.

Kato et al (2007) and Casalino et al (2088)1 Carandente (2016) aklected to use minimum
thickness fracture criteria to delete an element that has reached sspeeified minimm thickness
after which it is deemed fractured and leads to total fracture of the sheet. Cagabo&)documented
success with this method with both visual match of the joint as well fdisplacement curves. He
further identified that finer mesh was odlucive to preserving the volume of material caused by

removal of element after its fracture.

4.1.2Process description

4.1.2.1Model setup and undary conditions

The simulation model is usuallysenplification of realityvith 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 blaokder, rivet,die andstacls of sheets to be
joined. As can be seen froffigure81the Gframe and the settefa)can be removed from the model

and replaced by simpler modead$ nose and punch.
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Blankholder/Nose X
Rivet

Sheets/coupons

Punch

‘(.:T: \ ,’ Die
A J\an/

Figure81, (left) SPR insertion equipmg (right) Simplified model of insertion equipment

Then blankholder, die and punch are used asgid bodieswithout heat conductionwhilst the rivet

and sheet are regarded by the software as deformdiddies, for which stresses and strains are
calculated.The movement of the components is defined individually for each compo&sémte 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 witlspgmiéied movement
which means this is the only directidimey will move in. Deformable dies are positioned between the

rigid die and without apspecific movement restriction.

4.1.2.2Press

As explained in the literature review chapt3, there are several ways to insert an SPR riveasAtl

/ 21L302Qa Y2ald LINBTSNNBR AyaSNIA2y YSGK2R A& dAAY:
setter. With this type of setter, the rivet is punched with a fletermined velocity which then slows

down upon piercing through the individual sheetsd more energy is added throughout the process

by the servo motar 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 erergy 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 whicha F SNNBER (2 | &4 WLINBaaSaQo
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4.1.2.2.1Hydraulic press

Hydraulic press is available in the software with a constant velocity, a regularly (linearly) slowed down
velocity or a force controlled velocity.

Figure82, Schematic illustration of theydraulic press

4.1.2.2.2Hammer press

This is an energy based press and requires three values as an input; maximum energy, efficiency during
stroke and mass.

Figure83, Schematic illustration of the hammer press

4.1.2.2.3Screw press

Similarly tohammer press, screw press is an energy based press and requires three input values; gross

energy maximum ram speed and efficiency during stroke.

Y

Figure84, Schematic illustration of the screw press
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4.1.2.2.4Qank press

The crank press use 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 radiusdin
length. (Simufact, 2015).

REW

h)
)

Figure85, Schematidllustration of the crank press

4.1.2.2.50rbital forging press
Orbital forging (previously named "Radial press") is an incremental cofdrfgiprocess, in which the
centre axis of the upper die is slightly tilted with a specific angle and then rotated arounckttieal

axis. This reduces the contact area between the die and the piede and thus the forming force as

well as friction force are substantially reduced.

II
ol
N P

Figure86, Schematic illustration of therbital forging press

4.1.2.2.6Scotchyoke drive press
Another press option isScotch 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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Figure87, Schematic illustratiof the Scotch yoke drivpress

4.1.2.30amping

Another aspect that needs to be peet in SPR is clamping. This is done by done using a component
called nose (also referred to as blamélder) which consists of a number of componerithe 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).

Figure88, Clamp mechanism on servetter

The part of the nos¢hat comes directly in contact with the joint is a shape of hollow cylinder with
external diametepf 18.0mm and internal diameter 8tBm. The side of the nose that comes in contact

with the top sheet has a radius on both intefrzand external diameter.
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Figure89, 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 Copall relatedto the timing of the spring
medhanism engaging, i.e. Rotamp orintermediateclamp. Each of these have their pros and cons
(TechSpec, 2019).

4.1.2.3.1Preclamp

In the preclamp 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 fidly 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
canlead 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 conid, of the preclamp 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 capacityfor cracks further still. Setters with pidamp are currently not used very frequently in

Atlas Copco (TechSpec, 20®eclamp is only available in hydraulic setters.

4.1.2.3.2Intermediateclamp

With this method of clampingthe spring mechanism is présg onthe sheet with force of QON from

the start of the process and this is followed by engagement of the clamp mechanism with 8 kN of
additional force at a preset time near the of the end of insertion. This is meant to prevent sheets from

dishing when they @ about to be pulled downwards by the rivet which is at this point in the last
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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 parametsize of the ivet (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 0.52%5mm away from flush position for 5mm

rivet and between 0.35mm and 0.40mm awagrT flush position for 3mm rivet (TechSpec, 2019).

Figure90, Point at which the clamp comes on and these is pressed down with 8kN.

The most frequently used timing is the clamp engaging 0.525mm before the rivet head is airthe s
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 tempoily 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 interlddkis clamping method is only used with

servo setter.

4.1.2.3.3No clamp
The last method is whethere 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.

4.1.2.3.4Modelling clamping in simulations
To replicate this pragss in snulation, the software uses digprings which are used to control the

movement of dies and in this specific instance the nose (hatder).
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Figure91l, Die spring replicating the clamp mechanism

The springs available the software are categorised according to their directijoms shown in the
image belowA released spring counteracts in the direction D whilst with the compressed spring, the

springs acts in direction D.

Q
E
I

Figure92, Releaed spring (left) andaenpressed spring (rightp{mufact, 201p

I WNBfSIFIASRQ aLINAy3d KIFa o6SSy dza SR coureradtiggRvBi G K S
full forceas soon athe nosetouches the top sheefThisis equivalent of thgre-clampin the physical

tests.

4.1.3Material 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
insettion and one of the main processes that take place during this, i.e. cold foriftiregefore the

material characterization is one of theast crucial parts of simulation.
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To create material property for simulations using Simufact software, the folloglatey can be input

in orderto fully characterizéhe material:

=A =4 =4 =4 4 4 4 4 -4

Chemical composition
Thermal properties
Mechanical properties
Flow curves

Anisotropy

Damage

Electromagnetic properties
Microstructure

Diffusion

Creep

In context of SPRpme of theseare optioral entryi.e. simulation can run without therand in some

cases SPR simulation does not use them

1

Chemical compositiog applicable only in process type Casehardening in the application module
heat treatment.

Anisotropy ¢ optional input mainly used in dep drawing process with consideration for
anisotropy.Unless specified, all simulations assume isotropic elasticity.

Damage; optionalinput, damage basenhesh separation calpe used instead of Damage models.
Electromagnetic propertiesapplicable in caulations of heat generated either from an electrical
current or from an electromagnetic field passing the material (e.g. induction heating).
Microstructure¢ optional input used when microstructural evolution is required.

Diffusiong optional input applcable in case hardening process in order to equalize the carbon
profile in materials.

Creepg applicable when using proceSémufact Additiveind Simufact Welding.

Thecompulsoryproperties without which an SPR the simulation will not run are as follows

1

T
T

Thermal propertieg; includethermal conductivity specificheat capacity dissipationfactor and
latent heat (more explanations on this are in chapter 4.1.1.4.2)
Mechanical propertieg A y Of dzZRS |, 2dzy3 Q& Y2Rdzf dzZAX t 2A4a2y Qa

Flow curves
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Theformer two, thermal properties and mechanical properties (which are used to model the elastic
deformation) carusuallybe obtained frommaterial properties records freely available from multiple

sources, such as engineering publications or materialisif A SNBE Q Ay F2 akKSSGao

However, it is thdatter that isthe most important part of the material characterisatigmocess
needed for SPR simulatioRlow curves argraphs that desdbe strain hardening of metals (Alves et

al, 2011) and they dictateow 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.

‘Chemical Composition

Si Fe Cu Mn Mg Cr zn Ti v Others Others
03-06 | max max. 00502 |04-08 max max. max. 0.05- each total
0.35 0.25 0.20 0.10 0.10 0.20 max_0.05 | max.0.15
Si Fe Cu Mn Mg Cr Zn Ti v Others
03-06 | max. 035 | max 025 |00502 | 04-08 max 020 | max.0.10 | max 010 | 0.05-020 |each
max. 0.05

Mechanical Properties — T4 Temper

Rpoz [MPa) < 140 | R [MPa 2 160 | Ag [%]2 18 | A (k1222 | (Roz/Rm < N [12022 |rio[]205

2% pre-strain, 20min @ 185°C | Rpg2 [MPal 155 R [MPa] 205 Aep [%] 18
2% pre-strain, 30min @ 205°C | Rpgz [MPa] 170 Rm [MPa] 225 Agg [%] 16

Figure93, Example of material property data available from material supplier Novelis.

4.1.3.1Process of mtal forming

During an extensive forming such as one that occurs during SPR, two types of deformation occur,

elastic and plastic.

Toillustrate these concepts better, it might be helpful to introduce the tensile test basic away of
obtaining materialproperties This test involves a T bone specimen pulled apart in a tensile test
machine and its elongation under thensilestress is recorded tdocument the material behaviour
(Kelly, 2012).

The initial stages of th&ensile testconsist of elastic defonation. 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
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(referred to asFlow stress) are requiretb continue theplastic deformation this is termed work
hardeningPalaniswarmy, Billur, 2012)

What is happening during the deformation to the sample can be best demonstrated by the following

the image.
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Figure94, Deformation of tensile test sampléian, 2011)

It has been noted that atkelatively low temperatures the force displacemeantrve generally follows

the same pattern regardless of the rate at which the sample is pulled apart (Kelly, 2012).

The aboveforce-displacementcurve can now be looked at from sgrective of stresses and strain

relationshipwhich is a &rting point of a flow curve.

There are two methods used fatescribing this relationshiplhe first one is engineering stress (or

nominal)andstrainand 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 hight conta
stresses are involved and the deformation starts reaching the plastic region, the two calculations can

produce different resultas shown irFigure95.
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}::
Figure95, Engineering stress and strain curvalgb) 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 samplé&igure95 shows that at point A necking starvhich

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, Palaniswaymitlur, 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 measurethagatan be convertkto true

stress and straiby using the following equations @Z.Marc, 2013):

Eq.(28)
- adp -

z, ¢ true strain
"¢ - true strain

z ¢ engineering strain

Usingthe aboveinformationit is possible to determine thstress and strainelationshipin order to
describe the behaviauof a materialspecifically for purposes of FE analysis using Simufact software
This process results in creation of a flowvauwhich is the main descriptof material€behaviour in
engineering processes involving forming of metals and more and nmareasingly numerical

modelling(Alves et al, 201,1Simufact, 201b

4.1.3.2Flow curves

The starting point for flow curves is the tre&ress strain curve, howevehe total strain of the curve
is made up of elastic strain and plastic strain (University of Bap2018 ASTM standardSimufact,
2015.
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Eq.(29)

SinceKS a2Fdg6FNB gAft 0SS dziAy 3 tdligekrly telaty eistreNsaddh 2 | Y R
strainduring the elastic deformation anthese values are set as constants in the softwfareeach

material to model the elastic deformation, the elastic portiorsbhinneeds to be removed.

To do this, it is required tknow wherethe elastic deformation er&l 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 referred to as yielgoint "y 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 ©me instances, the yield poinan be clearly pinpointed on the true stressasitrcurve as a sudden
sharp change of direction of otherwise linear curve. This is typically behaviour of some steels
(University of Babylon, 2018, ASTM standartt) can be seen iRigue 96 below¢ curve CHowever,

with a lot of the maerials, there is no a clear puiin the curve to indicate the end of elastic
deformation and the curve deviates rather gradually into adinear plastic deformatioig as shown

in image below, curve.Bn this case, an estimation of the yield point iad®a. This is called proof
stress, k.2 To obtain thisralue a pointis placed aan offsetvalue ofstrain of 0.002 or (0.2%6 strair)

and a parallel line is drawn along the linear part of the curve and the intersection of this line and the
stress andtsain curve is the yield point as show in image belowCurve 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 Babylo2017).

A %
o o B
7/
- / ~ ~
& 4 = *
- /
% /
& /
7]
/
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L
g Strain , in/in
<
=

Figue 96, Example of stress and strain cur{@STM standar870)
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Further demonstration of determining yield stress to created a flow curve is shokigune97

- -~

s ‘ 5.00+08" R
\ U0+ =
II True stressfst\rain curve // / \\
\
| / / \
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B ] ® \
NS Engineegifig stress-strai ! ¢ ‘
A : ngineefing stress-strain curve I = plastic deformation behavior 1
[} Ne < =) »
& ; ~—=-" I v 1
& ! ! / |
\ B N
\ 1
\ 1
\ /
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\\ /7
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, 0 strain 7025
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. ~ ~ -
0.2% Strain ~<_ .-
Figure97, lllustration of determining yield point
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Figure98, Example of a flow curve in the software

The flow curvecan now be usechowever, at this stage, most instances of materaisipletedusing
tensile testmight show behaviour oglup to a very limited strainThis is due to the fact that the
material data from physical tensile test is only available up tootget of nonuniform deformation
informofy SOl Ay3 yR R2Sa y2i Oastdindzyder thén tilaSMisbnieQ &

softer materials the straigan bemeasuredup to 0.2 but withharder materials, such as high grades
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of press hardened steelthe strain measured in a tensile test can be as little a8® Before the
necking startslue to its brittlenesgElle, 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
deformationin SPRTechSpecl, 2019)

One way to resolve thisis extend the strain is to usdifferent 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 waysto extrapolatethe flow curves to unknown values using equations that have

proven to deliver realistic resul{Simufact, 2018 ¢ & LA OF f 9ljdz-r GA2ya FT2NJ O2f F
[ dZRE A1 Q&> H&KSWNDRIDA 51 2@ OBE If tontpérBuyeradrstrain 2at@Bects

need to be specifically considered, a more complex equations can be used such as Johnson Cook,

Hensel Spittel, GMAN extrapolated flow curvenay look similar to the one belowrigure99).

800

____________

700 ot
}’J
600 pe
Extrapolation
a 500
=3
$ 400 £ Deformation
3 area defined in
S 300
i flow stress
200 curve
= Input fow curve - materal model
100
= = Value used in the caloul aion
0
0 0.2 0.4 0.6 0.8

Plastic strain

Figure99, 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:

1 Gonditions of testing; sut as temperature and strain rate

1 Material variations¢ materials might vary from batch to batch in material properties due to

manufacturing variations as well as natural agifignaterials.

All four aspects will be explained in the next few sections.
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4.1.3.3Typeof testing

The fist one to look at is the sourad flow curves. There are several means of obtaining these flow

curves(Traphdner at al ,2018ruschi, 2014 Amongst others Htese include:

Tensile testing
Compression testing
Stack compression testing

Bulge testing

=A =/ =2 =4 =

In-plane torsion testing

4.1.3.3.1Tensile teshg

The already previously explainensile technique of obtaining flow curves is deemed the most
readily available method and is also the most widely used (Campos, 2(HAM E8, 2013M\s
previously eplained in the literature reviewtensile test consists of sample of a flat specimen cut out
from metal sheet or a cylindrical tubular specim@gurel00). The specimen is gripped at each end

by specially designed grips and stieéd in opposite directionm a tensile test deviceF{gurel01)
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 useddasure and record elongation in real time

(Palaniswarmy, Billur, 2012).

| 2032
<= sas -]
_+._ e | | ——
— 0.5 ———>] _,{ }(_

I: 5718 >| 0.127 10 19.05

Wil ®)

€ 375 >

~
-
¥

Figurel00, Types of specimens for tensile tests flat or tubular
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Column

Fixed crosshead

- —T
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E .

| Base and actuator |

Figurel01, Tensile test machine

Whilst tensile tests are frequely completed using quastatic 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 materideégymation, stresses
and strains and fuher parameters such as Youggnodulus, elastic and proportional limit, tensile,

yield and ultimate strength can be calculated (Fallahiarezoodar et al, 2015).

450.000

400.000 R
350.000

300.000
250.000
200.000
150.000
100.000

50.000 |}
|
0.000"

-0.020 0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140
Figurel02 Tensile testing stress v strain curve for AA6T4With engineering strain on 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 neckindTraphdner 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 mightnore preferableto 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.

4.1.3.3.2Compression testing
The compression testing is essentially theogite 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 interfad@¢iamidon, 2019)The sample shape is, unlike in tensild tes

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 andpand by bulging out on in a direction parallel to the

force (Hamidon, 2019Testresources, 20)9

R S
NERED
1 1

— ]
- plastic deformation

elastic —> compression(or strain)
deformation

compressive load (or stress)
—

Figurel03, Schematic of compression test (Alves, 2011).

Similarly to the tensile test, deformation stresses and strains can besumed, 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 thegstge 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 conditiongHamidon, 2019, Testresources, 20Hdchholdinger et al, 2009

Due to the absence of necking and hence ability to record higher streingor example tensile test
as well as similarities to a lot of forming processes usimgpeessive forces, the compression test is

the secondmost widely used testing method (Alves, 2011).

o~

T compression

tension

Figurel04, Comparison of tensile against compression test resWRTEL, 2016)

There are of course concerns with this typete$t too, with friction adding extra force into the

processwhich 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 platéAlves, 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 errdraflow curvegAlves, 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 ioaccuracies in flow curve calculations t{@dves, 2011).

4.1.3.3.3%ack 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 dateoferdiirves. 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 discsnal 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.

300

250 4

200 4

150

True Stress (MPa)

50

T T T T
0 0.2 0.4 0.6 08 1

True Strain

Figurel05, Typial result of stack compression teslves, 2011)

Figurel06, 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 teting 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, annioigeneous flow

F2ff2648 OFAIAINBE X0 HKAOK OFy fSIFR (2 | NR&S Ay 3

However, when the researchers extracted the load displacement curve this did not seem to be
affected by the inhomogeneous flow which theoreticallgans 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
conditionachieved 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., 201 However, even this is not without concerns as shown in researcher by
Hochholdinger et al (2009Yho have glued three discs to createindrical specimen for their stack

compression tests and bulging, typical for compression tests has occurred in the sample.

Figurel07, Bulging behaviour in stack compresstest with glued stacksHochholdinger, 2009

Theyhave accounted for friction in their research and compared against scenario without friction

consideration as shomin image below.

{650 °C - friction |
i_NOT considered ! ) P T

650 °C - friction
considered

__________
Dot
e e TS
S S =

850 °C - friction
considered

Figurel08, How curves created by compression testing watid 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 likglto alter the properties of the material by heating them. The wire cutting

has proven the leashtrusiveand most efficient way of blanks cutting{raus, 2018

Based on the above, previous research has confirmed that the results from stack compresisnon

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 sheetg very low aspect rati 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).

Figurel09, Example of inhomagnous flowin stack compression tegflves, 2011)

4.1.3.3.4Hydraulic bulge testg

Hydraulic bulge test in another alternative that has been suggested for sheet materials, (Z0¢8).

The test involves aircular blank clamped around the edge in the bulge mazland 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 lagat camera to analyse geometry and strain

respectively (Uthaisangsuk, 2009).

- drawing die

- sheet sample
- blank holder
- hydraulic oil

-punch

Figurel10, Hydraulic bulge testing set up (Junhe et al, 2013)

In comparison to other forms of testing such as tensile, this method has several ageantThis
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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Figurelll, Tensile testing strains reaching @&ft), hydraulicbulge testing up to stia vakue of 0.6r{ght) (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 alsongercs 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 anadable 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 pr@cisely
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 nge up to high strain valueSome adjustments will need to be

made such as converting the uniaxial tensile test into a biaxial stregs th&ielow:

Eq.(30)

This process results in the combination of the besboth tests, the flow curve includesifficient

levels of strains but also an accurate determination of yield point.
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Figurel12 Combination of tensile arloulge test for producing flow curves (Fallahiarezoodar 2015)

4.1.3.3.5In-plane torsion test

To characterize materials behaviour at larger strain, specifically aimed at sheet metals under shear
stress, in plane torsion testir@an beused (Yin, 2015, Bruschi, 2018his methodvas first introduced

by Marciniak(1961)in orderto characterize the Bagkinger effect of copper sheet$ekkaya et al.
adaptedthe test in order toand generateflow curves of araluminiumalloy (1982) The testset up
involves aplanar circular blank fixed along theuter edge andat the centre Torsion of the inner
clamps against theuter out clamps leads to shear stressestlie free unclamped area of the
specimen and the resulting shear stress can be calculated from the measured &xgufunction of

the radial disance and thickness of the she@rapltoner et al, 2018).

Figurell3 Sample set up of iplane torsion test

The advantage of this test is that it ot subject to necking or buckling and is nopesed to any

frictional behaviour either (Bruschi, 2014yhe downside are theneed to average theplanar

anisotropic properties as the orientation of the rolling directtorthe shear loadhangesduringthe

process ofthe test, however, the normal anisgopy n Oy 6S O2yaARSNBRX dzaAy3
model (Traphdneet al, 2018) Furthermore exceeding torque can lead to slipping between sheet and

clamping tools, which mainly occurs with thicker she@iskkaya et al, 1982)

4.1.3.3.6Assessment of testing riiedsbased 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 , A¥, Fallahiarezoodar et al 2Q1brghoner, 2018, Yin, 2015, Bruschi, 2014 and

Zuzana KotercovaMay 2020 101













































































































































































































































































































































































































































































































































































































































