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SUMMARY:

In this master thesis, impact loading against stiffened aluminium plates of the aluminium alloy AA6082-T6
was studied. The main objective was to study the behaviour of extruded aluminium profiles welded together
when exposed to impact loading from a ship, and how to model it in a large scale analysis. The study was
part of a cooperation between SIMLab at NTNU, Hydro Aluminium and Sapa, as a part of the project
“Coastal Highway Route E39".

Eight plates were tested in the laboratory experiment, four by applying quasi-static loading and four by
applying dynamic loading, with a cylindrical indenter in the centre of the plate, transversal and longitudinal to
the stiffeners. The dynamic experiments were conducted using the kicking machine at the Department of
Structural Engineering, NTNU. The experiments were attempted simulated and validated using shell
elements in a nonlinear element analysis in Abaqus/Explicit. In order to perform the laboratory experiments,
a rig fixing the aluminium plates in the test machine was designed.

In the experiments a good correlation was detected between the quasi-static and dynamic tests. This gave
grounds to conclude that quasi-static experiments could give satisfying validation for this type of experiment
on the aluminium alloy, AA6082-T6.

The numerical model was implemented with two different criteria to detect fracture, the Cockcroft-Latham
(CL) fracture criterion and the Bressan-Williams-Hill (BWH) instability criterion. The material implementation
was simplified by using the von Mises yield criterion, where the anisotropic properties of the AA6082-T6
were neglected. The CL fracture criterion gave acceptable estimates of initiation of fracture when the mesh
size is equal to the thickness of the plate. With a coarser mesh, the accuracy of this criterion decreased
significantly. The BWH instability criterion gave acceptable estimates of initiation of fracture for mesh sizes
varying from equal to the thickness to five times the thickness. The estimates showed to be somewhat
conservative for this criterion, and a slight mesh sensitivity was detected.

In the material tests, a large degree of anisotropy was detected for aluminium alloy AA6082-T6, and a large
difference between the material properties in the plate, stiffeners and the friction stir welds was found. This
made the material implementation more complicated than first assumed, and the simplification with an
isotropic yield criterion less accurate. An anisotropic yield criterion would more accurately describe the
material behavior in the experiments, and could therefore give improved estimates.
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SAMMENDRAG:

| denne masteroppgaven har oppfarselen til avstivede plantefelt av aluminiumlegeringen AA6082-T6 utsatt
for statlaster blitt studert. Hovedmalet var & vurdere oppfarselen av sveiste aluminiumprofiler utsatt for
statlast fra et skip, og videre vurdere hvordan de kan modelleres i en storskala analyse. Denne
masteroppgaven var en del av et samarbeid mellom SIMLab ved NTNU, Hydro Aluminium og Sapa, som en
del av prosjektet "Fergefri E39".

Atte plater ble testet i laboratoriet, fire under kvasi-statisk belastning og fire under dynamisk belastning, med
en sylindrisk nese som traff tversgaende og langsgaende i forhold til stivere, midt i platefeltet. De dynamiske
forsgkene ble utfgrt i Sparkemaskinen ved Institutt for konstruksjonsteknikk, NTNU. Forsgkene ble forsgkt
simulert og validert ved & anvende skallelementer i en ikkelineaer analyse i Abaqus/Explicit. For & kunne
utfgre laboratorieforsgkene ble en rigg utformet for innfesting av aluminiumsplatene i testmaskinen.

| eksperimentene ble det observert god korrelasjon mellom de kvasi-statiske og dynamiske testene. Dette ga
grunnlag for & kunne konkludere med at kvasi-statiske eksperimenter kan gi tilfredsstillende validering for
denne type forsgk pa aluminiumslegering AA6082, med temper T6.

Den numeriske modellen ble gjennomfert med to ulike kriterium for & beskrive brudd, bruddkriteriet
Cockcroft-Latham (CL) og instabilitetskriteriet Bressan-Williams-Hill (BWH). Materialmodellen ble forenklet
ved & implementere det isotrope flytekriteriet von Mises, hvor de anisotrope egenskapene til AA6082-T6 blir
neglisjert. CL-bruddkriteriet ga akseptable estimat for oppstart av brudd nar elementstarrelsen i den
numeriske modellen er lik tykkelsen av platen. Med stgrre elementer minket ngyaktigheten av dette kriteriet
betraktelig. Instabilitetskriteriet BWH, viste akseptable estimater for oppstart av brudd for varierende
elementstgrrelser, fra lik tykkelsen til fem ganger tykkelsen. Estimatene var noe konservative for dette
kriteriet, og en viss sensitivitet i forhold til elementstarrelsen ble oppdaget.

| materialtestene ble det observert en stor grad av anisotropi i aluminiumslegering AA6082-T6, og det ble
funnet en stor forskjell mellom materialegenskapene i platen, stiverene og friksjonssveisene. Dette gjorde
implementeringen av materialet i den numeriske modellen mer komplisert enn fgrst antatt, og forenklingen
med et isotropt flytekriterium mindre ngyaktig. For & kunne bedre gjenskape flyteflaten og dermed
oppfarselen av materialet i forsgkene burde et anisotropt flytekriterium bli implementert.
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Samferdselsdepartementet har bedt Statens vegvesen om & utrede hvilket potensiale en fergefri E39
vil ha for naringsliv og tilhgrende bo- og arbeidsregioner. Prosjektet skal ogsd vurdere
teknologiske lgsninger for fjordkryssinger, og hvordan konstruksjonene eventuelt kan utnyttes til &
produsere energi fra sol, bglger, strgm og vind. I tillegg skal ogsd gjennomfgrings- og
kontraktstrategier inngd i prosjektet. E39 gar langs kysten fra Kristiansand til Trondheim, og er i
dag ca. 1100 km lang. Ogsa gkonomiske vurderinger av ferjefri E39 skal inngd, dvs. bade
kostnader og gevinster, inkludert samfunnsgkonomiske analyser.

Som et ledd 1 prosjektet fjordkrysninger sa er det gnskelig & vurdere bruk av aluminium blant annet
pé grunn av reduserte vedlikeholdskostnader og lav vekt i forhold til styrke. En av utfordringene er
a vurdere hvordan store platefelt i aluminium sveiset sammen av ekstruderte profiler oppfgrer seg
under en stgtlast fra et skip og hvordan disse skal modelleres i en storskala analyse. Denne
masteroppgaven er et ledd i dette prosjektet og er et samarbeid mellom SIMLab ved NTNU, Hydro
Aluminium og Sapa.

Fglgende forelgpige plan er definert for denne oppgaven:

e Det skal gjennomfgres et litteraturstudium knyttet til oppfgrsel og modellering av avstivede
platefelt i aluminium og stél utsatt for en konsentrert stgtlast.

e Studentene skal delta i prosjektering av en rigg i laboratoriet hvor generiske stgtforsgk pa

sveiste platefelt skal gjennomfgres. I dette ligger blant annet en vurdering av platestgrrelse,

oppleggsdetaljer, kontaktareal mellom platefelt og stgtlegeme osv. Prosjekteringen skal

baseres pa numeriske analyser samt forenklede beregninger.

Gjennomfgring av et eksperimentelt program, dvs. materialtester og komponentester.

Etablering av en numerisk modell samt validering basert pa de tester som er utfgrt.

Parameterstudier og retningslinjer for modellering.

Rapportering.

Veiledere: Magnus Langseth, Odd Sture Hopperstad og David Morin

Kandidatene kan fravike den foreslatte plan, men kun etter avtale med veilederne. Hovedoppgaven
skal skrives pa engelsk og utformes som en forskningsrapport og i henhold til gjeldende regler for
en hovedoppgave. Oppgaven skal leveres til Institutt for konstruksjonsteknikk, NTNU innen 10.
juni 2015.

NTNU, 14. januar 2014

MaZis Langseth

Professor







Acknowledgements

Acknowledgements

During this master’s thesis, our supervisors have been Professor Magnus Langseth, Professor
Odd Sture Hopperstad and Postdoc. David Morin at the Structural Impact Laboratory
(SIMLab), Department of Structural Engineering, Norwegian University of Science and
Technology (NTNU). We wish to show our gratitude for their encouraging guidance, support

and input.

A special thanks to Postdoc. David Morin for his patient assistance and modeling contribution
in the Finite Element Analysis (FEA) program Abaqus.

Production Manager Goran Olsson at R&D Sapa and Dr. Ole Runar Myhr at Hydro Aluminium
are acknowledged for their contribution in regards of delivering the aluminium plates and for

valuable input.

Laboratory experiments conducted in this master thesis were carried out at the SIMLab
laboratories at the Department of Structural Engineering, NTNU. We would like to
acknowledge the assistance of the laboratory staff. Especially Senior Engineer Trond Auestad
and Staff Engineer Tore Wisth, who contributed in designing and building the test rig and

carried out all the experiments.

We would like to thank Sindre Sglvernes for collaboration on designing the test rig and for

valuable discussion.

The SIMLab research group are acknowledged research group for an inspiring and friendly

working environment.

Trondheim, June 14th, 2015

Bente Larsen Karstad Birgitte Skajaa

Vil



viii



Abstract

Abstract

In this master thesis, impact loading against stiffened aluminium plates of the aluminium alloy
AA6082-T6 was studied. The main objective was to study the behaviour of extruded aluminium
profiles welded together when exposed to impact loading from a ship, and how to model it in a
large scale analysis. The study was part of a cooperation between SIMLab at NTNU, Hydro

Aluminium and Sapa, as a part of the project “Coastal Highway Route E39”.

Eight plates were tested in the laboratory experiment, four by applying quasi-static loading and
four by applying dynamic loading, with a cylindrical indenter in the centre of the plate,
transversal and longitudinal to the stiffeners. The dynamic experiments were conducted using
the kicking machine at the Department of Structural Engineering, NTNU. The experiments
were attempted simulated and validated using shell elements in a nonlinear element analysis in
Abaqus/Explicit. In order to perform the laboratory experiments, a rig fixing the aluminium
plates in the test machine was designed.

In the experiments a good correlation was detected between the quasi-static and dynamic tests.
This gave grounds to conclude that quasi-static experiments could give satisfying validation for

this type of experiment on the aluminium alloy, AA6082-T6

The numerical model was implemented with two different criteria to detect fracture, the
Cockcroft-Latham (CL) fracture criterion and the Bressan-Williams-Hill (BWH) instability
criterion. The material implementation was simplified by using the von Mises yield criterion,
where the anisotropic properties of the AA6082-T6 were neglected. The CL fracture criterion
gave acceptable estimates of initiation of fracture when the mesh size is equal to the thickness
of the plate. With a coarser mesh, the accuracy of this criterion decreased significantly. The
BWH instability criterion gave acceptable estimates of initiation of fracture for mesh sizes
varying from equal to the thickness to five times the thickness. The estimates showed to be

somewhat conservative for this criterion, and a slight mesh sensitivity was detected.

In the material tests, a large degree of anisotropy was detected for aluminium alloy AA6082-
T6, and a large difference between the material properties in the plate, stiffeners and the friction
stir welds was found. This made the material implementation more complicated than first
assumed, and the simplification with an isotropic yield criterion less accurate. An anisotropic
yield criterion would more accurately describe the material behavior in the experiments, and

could therefore give improved estimates.
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1.1 Background

1 Introduction

This master thesis is a cooperation between SIMLab at NTNU, Hydro Aluminium and Sapa, as
part of the project “Coastal Highway Route E39” on the western coast of Norway. The objective
is to investigate the influence an impact load from a ship will have on extruded and welded

aluminium profiles, and how to model this in a large-scale analysis.

1.1 Background

The Coastal Highway Route E39 runs along the western coast of Norway from Kristiansand to
Trondheim, and is 1100 km long. Since the summer of 2010, the Norwegian Public Roads
Administration (NPRA) has been, and is currently, working on the project “Coastal Highway
Route E39” (Statens Vegvesen, 2010). The project is divided into four parts: technical
development of fjord crossings, analysis of social impacts, potential solutions for renewable
energy, and implementation strategies and contract forms (Statens Vegvesen, 2014). The NPRA
was asked by the Ministry of Transport and Communications to study the potential a ferry-free
E39 would have on industry and trade, and thus employment and settlement on the west coast
of Norway. The project will also consider technological solutions for fjord crossings, and how
structures may be utilized to produce energy from the sun, waves, currents and wind. In
addition, economical analyzes and contract strategies should be included (Statens Vegvesen,
2015).

Figure 1-1: llustration of proposal by Reinertsen AS and partners showing a fjord crossing by
pontoon bridges and a submerged tunnel (Reinertsen AS, 2015)

It is desirable to consider the use of aluminium in these projects, mainly due to reduced
maintenance costs and low weight compared to strength. Aluminium also has high resistance
against corrosion, which is an advantage when the material is used for a fjord crossing. The
challenge is to consider how welded, extruded profiles of aluminium behave when exposed to

impact loading from a ship and how these can be modeled in a large-scale analysis.
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1 Introduction

1.2 Objective and Scope

The objective of this master thesis is to investigate the behaviour of extruded aluminium profiles

welded together when exposed to impact loading from a ship. The objective will be met by a

combination of numerical simulation in Abaqus/Explicit and laboratory tests with the kicking
machine at SIMLab, NTNU.

The main tasks of the project are:

Literature study related to the behaviour and modeling of stiffened plates in aluminium
and steel exposed to concentrated impact loads.

Design of a rig to use for testing of the plates in the kicking machine in the SIMLab
laboratory. It includes an assessment of plate size, detailing of supports, contact area
between plate and impact load. The planning will be based on numerical simulations
and simplified calculations.

Conducting material tests of the aluminium alloy AA6082-T6 to study the material
properties in three different directions in relation to the extrusion direction, and in the
stiffeners and over the weld.

Conducting quasi-static and dynamic component tests. The dynamic experiments will
be conducted using the kicking machine at the Department of Structural Engineering,
NTNU.

Establishment of a numerical model in Abaqus/Explicit and conducting parameter
studies to decide shape of indenter and to study the effect of changing different
parameter like friction and mesh size.

Implementing material card and criteria to detect fracture in the numerical model for

validation of the component tests.

This master thesis is limited by the following:

The material which is studied is the aluminium alloy, AA6082 with temper T6
Aluminium profiles with thickness 4mm and T-stiffeners with thickness 3mm.

The profiles are welded together using the friction stir weld method.

The plate will be subjected to concentrated quasi-static and dynamic loading.

The Cockcroft-Latham fracture criterion and the Bressan-Williams-Hill instability

criterion will be used to detect fracture in the numerical model.




1.3 Previous Work

1.3 Previous Work

A literature study has been conducted on stiffened plates subjected to concentrated impact
loading. The study includes both steel and aluminium plates, different types of indenters and

different velocities of the indenters.

Langseth and Larsen (1994) did a plugging capacity test of dropped objects on aluminium alloy
plates, using AA5083-H112 and AA6082-T6. Their test showed that AA5083-H112 absorbs
40-70% more energy than AA6082-T6 at plugging, mainly due to an increased yield stress for
alloy AA6082-T6, implying a stiffer deformation process for the latter. It also showed that the
weight saving of using aluminium instead of steel ranged between 31-38% for AA5083-H112
and 12-15% for AA6082-T6, but required that the thickness of the aluminium plates were twice
the thickness of the steel plate (Langseth and Larsen, 1994).

Hilde Gigrver Hildrum (2002) wrote her Dr. Eng. thesis on stiffened aluminium plates
subjected to impact loading. There, she studied the behaviour of plates subjected to large mass
projectiles with low velocity. The study was performed on plates of aluminium alloy AA6082
temper T6 extrusions, welded together with MIG-welds. From the impact test, she found that
the estimated incipient fracture velocity was significantly less for a hemispherical ended
indenter than a flat ended indenter, and that impact on the weld between the stiffeners gave the
lowest incipient fracture velocity (Hildrum, 2002). This coincides well with the results from
Wang et al’s (2000) study on the behaviour of a double hull subjected to punching load with
different spherical indenters, as they found that the structure shows much higher resistance

when the cones are blunt than when they are sharp (Wang et al., 2000).

Hildrum (2002) tried to find a relationship between dynamic and quasi-static capacities before
fracture by performing additional static punch tests. In the velocity range she studied, she found
that static tests of the blunt ended projectile may be used to give a conservative estimate of the
incipient fracture impact energy in the dynamic test. This is in contrast to the hemisphere ended

projectile, where it may be non-conservative. (Hildrum, 2002)




1 Introduction

In Villaviencio and Guedes Soares (2013) paper on impact response of rectangular and square
stiffened steel plates supported on two opposite sides, the results showed that the elastic force
increased largely with the impact velocity. For impacts not on the stiffener, after the elastic
force, the forces increased gradually until maximum. This is due to the development of
membrane forces in the plate at the point of impact when the plate deforms plastically
(Villavicencio and Guedes Soares, 2013). Similarly, Wang (2002) found that the contribution
from plastic bending on a plate under a lateral load is large for small deformations but negligibly
small for large deformations. With adequate large deformations, the membrane force dominates
the behaviour of the plate (Wang, 2002). Villaviencio and Guedes Soares (2013) also found
that when the impact force is applied right above the stiffener, the elastic force is followed by
a ‘decaying oscillation’ where the forces remain constant over a short time. After this, the forces
increase gradually, with some oscillations, until the maximum load is reached (Villavicencio
and Guedes Soares, 2013).

In Langseth et al.’s (1999) paper ‘Impact Loading on Plates: Validation of Numerical
Simulations by Testing’, it was noticed that the response for both aluminium and steel is
dominated by membrane stresses, which implies that the interface force curves are strongly
influenced by the input stress-strain curve. Langseth et al. (1999) states that tests show that 90-
95% of the impact energy is absorbed as global strain energy in the plate and only a small
fraction locally in the plugging process. This makes the use of shell elements to model the
behaviour of thin aluminium plates subjected to impact loading very effective (Langseth et al.,
1999).

In Liu et al.’s (2015) paper on simplified analytical methods to evaluate tanker side panels
during minor collision incidents, the energy absorbing mechanisms of small-scale stiffened
plates were examined. They found that the critical deflection and energy increase with the
indenter width due to a decreased stress concentration with a wider contact area, and thus a
delayed crack initiation. They also did tests on unstiffened plates which showed that the critical
deflection at failure depends on the response of the plate itself, not the stiffeners (Liu et al.,
2015). Villaviencio and Guedes Soares (2012) found from tests with drop-weight impact of
stiffened steel plates with a spherical indenter that the plastic response is highly sensitive to the

extent of restraint at the supports (Villavicencio and Guedes Soares, 2012).




1.3 Previous Work

In Alsos et al.’s (2008) paper on the BWH instability criterion, they compared forming limit
diagrams (FLDs) determined by the BWH criterion in a set of benchmark cases with FLDs they
found in literature, and found very good correlation between the BWH criterion and the
benchmark FLDs. This is an important observation since one of the arguments for the BWH
criteria is that it can be applied analytically to develop FLDS for both proportional and non-
proportional straining (Alsos et al., 2008).

Alsos et al. (2008) also did a numerical comparison of the BWH instability criterion with
experiments by implementing it into the finite element code LS-DYNA. This was done to see
if the BWH criterion could effectively estimate the onset of instability at a reasonable
computational cost. In the criterion, element failure is based on middle through thickness
integration points, so there is no effect from bending, and pure plate bending will not cause
local necking. Alsos et al. (2008) states that this way of introducing failure may be too
conservative, but when comparing the numerical results to the experimental results, they found
that failure is initiated right before the actual fracture happens. This is a good approximation,
since the BWH criterion predicts local instability, not final fracture. It was also noticed that the
BWH criterion predicts failure without being overly sensitive to the mesh size, since it avoids

analysis in the post necking zone (Alsos et al., 2008).
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2.1 Aluminium Alloys

2 Material Mechanics

In this chapter, theory regarding the material is described. The main topics include description
of aluminium and friction stir welding, a material model where the mechanics of the material

is described, relevant failure modes, fracture mechanisms and criterions to predict failure.

2.1 Aluminium Alloys

Aluminium is a relatively soft material compared to other common structural materials such as
steel. Aluminium has a density of approximately 2.7 kg/dm?3, while steel has a density of
approximately 7.8 kg/dm?3. This low density gives aluminium alloys the characteristic of having
low weight while still maintaining high strength and extends the use of the material vastly.
Aluminium can be made in all shapes also available for steel, and the low weight makes
handling easier (Bohne and Aalberg, 2011).

The production of aluminium is costly and energy consuming, which is one of the main reasons
why it took time before aluminium became an industrial metal (Bohne and Aalberg, 2011).
About one third (35%) of the cost of producing one tonne of aluminium is consumed by electric
power, which means that a small gain in energy consumption quickly will affect the total cost

(Dialog on Aluminium, 2012).

One of the favorable qualities of aluminium is that it can be 100 % recycled, repeatedly, with
no loss in the inherent properties. This is possible because the atomic structure is not altered
during melting. Further, the energy required in the recycling process of aluminium is only 5%

of the energy required in the primary production (European Aluminium Association, 2009).

There are a few different methods of processing aluminium. Casting is used when producing
larger series of components, occasionally with complex shapes. Extrusion of aluminium utilizes
the material properties in an optimal way, and has contributed to an increased use of the
material. The method of extruding allows for many different shapes of the aluminium profiles
(Bohne and Aalberg, 2011). For welding aluminium, there are two common methods, Metal
Inert Gas (MIG) welding and Friction Stir Welding (FSW). In this master thesis, FSW has been

used and will be described.

Aluminium is a polycrystalline material, where the individual grains have a crystallographic
orientation, which differ from the neighboring grains orientations (Wang, 2006). When
aluminium crystallizes, it forms a face-centered cubic lattice, see Figure 2-1. This crystal

structure is stable from 4K to the melting point (Hatch, 1984).
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2 Material Mechanics

Figure 2-1: Face Centered Cubic (FCC) Structure (Hofmann, 1999)

The material properties of aluminium alloys will never be completely uniform in all directions
and some degree of anisotropy will always be present. The nature of this anisotropy depends

upon the composition of the alloy and the process history (Gottstein et al., 2010).

2.1.1 AA6082-T6

Alloying elements are added to aluminium to obtain better metal characteristics. In this master
thesis, the alloy AA6082-T6 is used. 6xxx alloys are typically used for autobody sheets,
structural members and for architectural purposes, with magnesium and silicone as principal
alloying elements (Davis, 1993). Al-Mg-Si alloys have many positive characteristics, like
moderate high strength, good corrosion resistance and relatively low quench sensitivity (Hatch,
1984). Magnesium gives increased strength and hardness, better weldability, and good
resistance against corrosion. Silicone, in combination with magnesium, gives curable alloys
with good resistance against corrosion (Bohne and Aalberg, 2011). These qualities, in addition
to good formability and suitability for extrusion have led to an extensive use of this alloy in
offshore structures (Wang, 2006).

The thermal history of the aluminium profile has an important impact on the strength of the
material. The material AA6082-T6, is a so-called heat-treatable alloy, which means that the
material can be given a thermal treatment to adjust the mechanical properties. Temper T6 is the
peak hardness condition that results from solution heat treatment, quenching and artificial
aging. In solution heat treatment, the material is kept at a temperature where the one-phase
condition is reached in the equilibrium diagram. Here, precipitates like Mg2Si are dissolved
and the homogeneous solid state is reached. The temperature should avoid the eutectic
temperature, and be below the melting point. For 6xxx alloys the solution treatment temperature
is between 500° C -550°C (Graeve and Hirsh, 2010).The main purpose with this treatment is to

maximize the amount of the hardening solutes like magnesium and silicon in the solid solution
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of the aluminum matrix (Hatch, 1984). After this treatment, the alloy is rapidly cooled down by
press quenching, to preserve the solid solution. Directly after exiting the extrusion press it is
exposed to forced air or water spray. The final process is artificial ageing, where the material is
reheated, resulting in more efficient formations of hardening precipitates (Graeve and Hirsh,
2010). The artificial aging results in an increased yield strength but decreased ductility (Key to
Metals, 2010). For more information about the T6 temper, see chapter 5 in Aluminum:

properties and Physical Metallurgy (Hatch, 1984).

2.2 Friction Stir Welding

Friction stir welding is a solid-state technique where sheet and plate materials are welded
together below the melting point. It was invented and patented in 1991 at TWI in Cambridge,
UK (Kallee et al., 2001). The weld is made by a rotating tool that moves along the joint,
producing heat and plastic deformation of the material. The softened material is moved around
the tool, and this way the plates are stirred together. The plastic deformation generates a fine
microstructure with equiaxed, recrystallized grains that have good mechanical properties. A

schematic drawing of friction stir welding is shown in Figure 2-2 (Mishra and Ma, 2005).

Downward force /-Welding
/ ; Direction

Shoulder

Retreating _>{ <«——Ad
Side s

Figure 2-2: Schematic drawing of Friction Stir Welding (Mishra and Ma, 2005)

FSW obviates problems like porosity and hot cracking. The heat input is relatively low and
therefore the loss in mechanical properties is less compared to other welding techniques. It is
considered to be an energy efficient and environmental friendly joining technique since there
are no emissions during the welding. In addition, distortion, shrinkage and residual stresses are

very small especially in thin plates (Cam and Mistikoglu, 2014).
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The material around the weld can be divided in three different zones based on the
microstructure. The centre of the weld is called the nugget zone (NZ), which is exposed to high
strains and recrystallization. Next is the thermo-mechanically affected zone (TMAZ) that
extends to the tools shoulder. On the outside the material is only affected by the heat from the

process, hence the name, heat-affected zone (HAZ) (Moreira et al., 2009).

2.3 Tensile Test

In a uniaxial tensile test, a specimen is pulled in tension until fracture . The main purpose of a
tensile test is to find the tensile strength of the material and the evolution of the stress-strain
relationship. To avoid dynamic effects, the rate of the loading has to be low enough to be
considered quasi-static. Tensile testing should always be performed following ASTM standard

(American Association of Testing Materials) or a similar standard.

*

O
Stress

Gauge length, L,
= =
. J
Yy
8
|

=

>

Strain

a) b)
Figure 2-3: a) Exemplary tensile test specimen and b) engineering stress strain curve

The output from the uniaxial tensile test is a force-displacement curve. From this curve, the
engineering stress and strain are found, see Figure 2-3 b). In this section it is assumed that the
deformation is uniform, and hence the following equations are valid. Engineering stress is
calculated by equation 2-1 using the applied force F, and the initial cross section A,
(Hopperstad and Barvik, 2013)
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2.3 Tensile Test

Engineering strain is calculated using the time-dependent measured displacement u;, (t) and the
initial gauge length [, (Figure 2-3 a). The engineering strain (2-2) and the increment of the

engineering strain (2-3) are given, respectively:

2-2
o) = 20
2-3
de, (t) = duLLO(t)

With large strains, it becomes important to account for the geometrical changes to describe the
true behaviour of the material. Applying, L = Ly + u;, and consequently dL = du,, the strain
increment with respect to the current length and the logarithmic true strain is obtained as

equation 2-4 and equation 2-5, respectively (Hopperstad and Bervik, 2013):

2-4
du; (t
de,(t) = Z()
J-uL duL L 4L | (L) | (1+ ) 2-5
& = —_—= —=In({—)=1In £
oL L Lo e

The true stress is found by employing the current cross section of the specimen, A (Equation
2-6). For aluminium, the elastic strain remains small and the plastic deformation is volume
preserving, further described in section 2.4.1. When assuming constant volume, AyL, = AL .
This leads to a relationship between the engineering stress and strain and the true stress
(Equation 2-7) (Hopperstad and Barvik, 2013):

2-6
Oy =

x|

o =0,(1+¢,) 2-1

In finite element codes like Abaqus, the stress-strain data are given in terms of true stress and
true strain by default (Hopperstad and Bgrvik, 2013). Since the true stress is a direct measure
of the traction being carried out per unit area by any internal surface in the specimen, it is
possibly the only stress of practical interest as an output from an finite element code like

Abaqus, from an engineering viewpoint (Dassault Systems, 2014).
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The total strain can be separated into two terms, as seen in equation 2-8, the plastic part, 7, is

permanent and the elastic part is defined by, ¢ = %

o » 2-8
E_E+£

From this relation, the true plastic strain curve can be calculated using equation 2-9. Where the
plastic strain, P, varies with the logarithmic true strain &; (equation 2-5) (Hopperstad and
Barvik, 2013):

2.3.1 Necking

When the force reaches its maximum value, the deformation localizes and the specimen
experiences diffuse necking. The cross-section where necking occurs decreases promptly with
the increasing strain. After necking occurs, the straining of the specimen is no longer uniform
and thus the equations in the previous section is no longer valid. From equations 2-5 and 2-7,

the engineering stress can be expressed as:

0. = orexp(—&;) 210

The maximum value of the engineering stress is reached as da, = 0, and by implementing the

product and chain rule, the incremental change of the engineering stress becomes:

do, = do, exp(—¢) — o, exp(—¢;) dg; = (doy—ode;) exp(—¢) 2-11

From this, the diffuse necking criterion is defined in equation 2-12 and shown graphically in
Figure 2-4. The figures show that diffuse necking occurs when the slope of the true stress - true

strain curve equals the true stress.

do, 2-12

— =0
dgl t
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do, &

Elu £;

Figure 2-4: Graphical illustration of the diffuse necking criterion. g, is the logarithmic strain at
necking. Figure inspired by (Hopperstad and Bervik, 2013)

In plates, where the width is much larger than the thickness, localized necking may occur. A
sharp localized neck is normally developed on the surface as failure in stretching is initiated.
Localized necking can be described by considering a wide, thin sheet specimen loaded in
uniaxial tension in the 1ength direction. In diffuse necking, there is contraction strains in both
the width and the thickness direction, while with a wide specimen the width direction cannot
localize rapidly. Since only the thickness direction is localized, the neck develops gradually and
considerable extension is possible after the onset of necking (Hosford and Caddell, 1993).

2.3.2 Flow-stress ratio and R-ratio

Chen et al. (2009) studied the behaviour of extruded AA6xxx aluminium alloys in T6 temper
at a wide range of strain rates. They found that AA6xxx alloys do not exhibit significant rate
sensitivity in the stress-strain behaviour. In order to study the anisotropy of the extruded
aluminium alloys, tensile tests where performed in three different directions with respect to the
extrusion direction,. The angle a indicates the direction of the specimens relative to the
extrusion direction, i.e. a=0° when the extrusion direction is parallel to the longitudinal

direction of the specimen (Chen et al., 2009).

The plastic anisotropy is characterized with a flow-stress ratio r,,, which is defined as the ratio
between the flow stress 7" in a tensile test with direction a and the flow stress a]E’ of areference
test in the extrusion direction, for the same amount of plastic work (equation 2-13). By
definition the flow-stress ratio for the reference test in the extrusion direction is equal to unity
(Chen et al., 2009).
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2-13

The specific plastic work W, in a tensile test in the o direction for a given plastic strain el is

given as

5 2-14
VVp = f O-fadgg
0

Chen et al. (2009) calculated the flow-stress ratio as a function of plastic work up to the point
of necking for each alloy in the 45° and 90° directions. The flow-stress ratio converges to a
nearly constant value. The values for AA6082-T6 they found are given in Table 2-1, and are
based on a test at strain rate 102 s (Chen et al., 2009).

Table 2-1: Flow stress ratio for AA6082-T6 at strain rate 10-3 s-1 (Chen et al., 2009)
A”OY To T'y5 T99

AA6082-T6 1.0 0.919 0.975

Anisotropy may also be described by the R-ratio, which in direction « relative to the extrusion

direction is given by (Chen et al., 2009):

2-15

where &, and £? are the plastic strain rates in the width and the thickness direction of the tensile
specimen. These rates are often assumed to have the same ratio for increasing strains, therefore
the R-ratio can be defined as (Lademo et al., 1999):

2-16

If the strains in the width and the thickness direction are equal for all directions, the material is
said to exhibit isotropic flow properties, i.e R, = 1 in all directions, a (Lademo et al., 1999).
Wang (2006) found the R-ratio and the flow-stress ratio in different directions for an AW-6082

T6 aluminium sheet, shown in Table 2-2. It can be seen that in relation to the R-ratio this
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extrusion exhibited significant anisotropy in the plastic flow, with a value of only 0.37 in the
extrusion direction. The flow-stress ratio shows a much lower tendency of anisotropy (Wang,
2006). It can be observed from Table 2-1 and Table 2-2 that in relation to the flow stress ratio,

plastic anisotropy of AA6082-T6 is nearly absent.

Table 2-2: Representative test results: the R-ratios and flow stress ratios (Wang, 2006)

Ry Rys Rogg ro T45 T9o

0.37 1.19 0.87 1.00 0.93 1.02

2.4 Material Modelling

The following chapter will provide a basis for the material mechanics of plasticity and large
strains in the area before necking. The theory is mostly based on the Lecture notes from
Materials Mechanics by Hopperstad and Barvik (2013).

Aluminium and other structural materials will behave linearly elastic for adequately small
deformations. This means that the deformation is reversible, and that there is a linear
relationship between stresses and strains (Hooke’s Law, equation 2-1). For a certain stress level,
oo, the behaviour becomes nonlinear and plastic yielding occurs. After this point the
deformations are plastic and therefore irreversible. The transition from elastic to elastic-plastic
domain can be gradual or abrupt. Most aluminium alloys exhibit a gradual transition
(Hopperstad and Bervik, 2013).

2.4.1 Yield Criterion
The yielding limit may be described mathematically by a yield criterion:

where f is the yield function which is a continuous function of the stress tensor a. The yield
criterion, f(o) = 0, defines a surface in the stress space called the yield surface. As seen in
Figure 2-5, the elastic domain is enclosed by the yield surface, described by f(a) < 0. It is
assumed that the yield function cannot have values outside the yield surface which is describe

by the inadmissible region, f(a) > 0 (Hopperstad and Barvik, 2013).
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Inadmissible

fle) =0

Yield surface Elastic domain

fle)=0 /f(a) <0
L/ mlr

Figure 2-5: Elastic domain, Yield surface and Inadmissible region for a two-dimensional stress state
Figure inspired by (Hopperstad and Bgrvik, 2013)

The yield function is often written in the form:

f(0) = p(a) — oy 2-18

The equivalent stress, o, = ¢(0), measures the magnitude of the stress state the material is
subjected to. The equivalent stress is here assumed to be a positive homogeneous function. The

yield stress, gy, is determined by mechanical tests (Hopperstad and Bgrvik, 2013).

Metals and alloys are said to be pressure insensitive, because plastic deformation mainly
appears due to a shear driven deformation mode called plastic slip (Hopperstad and Barvik,
2013). In Khan and Huang’s book ‘Continuum theory of plasticity’ (1995), they describe
Schmid’s Law. Schmid’s Law is based on the statement that yielding begins in a slip system
when the shear stress on this slip plane, in the slip direction, reaches a critical value. The
yielding is independent of the tensile axial stress and other normal stresses on the lattice plane.
This means that it is the shear stress component in the slip direction on the slip plane which
initiates plastic deformation, not the applied axial tensile stress (Khan and Huang, 1995). Since
pressure insensitivity can be assumed, the yield criterion can be expressed only depending on
the deviatoric stress state on the form (Hopperstad and Bervik, 2013):

£(6") =0 2-19

The stress deviator, a’, is defined by o;; = 0;; — 0,6;; , Where gy, is the hydrostatic stress, i.e.
the mean stress, and P = —ay represents the pressure of the stress state. The hydrostatic stress

is given in equation 2-20, where oy, denotes 0,4, 0, and a33 and I, is the principal invariant
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(Hopperstad and Bgrvik, 2013). More information about the Kronecker delta, §;;, can be found

at ‘MathWorld — A Wolfram Web Resource’ (Weisstein, 2015).

jo

1 1 2-20
On = 3 0kk = §1a

Khan and Huang’s (1995) book describes the incompressibility effect of hydrostatic pressure.
Plastic incompressibility means that the volume of a material does not change permanently
when exposed to a large pressure. See equation 2-21 where incompressibility is described
mathematically in terms of true strain. It is also stated that the stress-strain curve is unaffected
by hydrostatic pressure in small strain ranges and that the ductility of a material increases under

hydrostatic pressure (Khan and Huang, 1995).

€1+£2+£3=0 2-21

The plastic yielding of aluminium alloys is not isotropic, but a simplification with an isotropic
yield criterion could be valid when the degree of anisotropy is low. Isotropic yielding implies
that the yield function is independent of the direction of loading within the material. The yield
function is most conveniently written in terms of the principal invariants of the stress deviator

for isotropic and pressure independent materials, f(J,,J3) = 0, where J, = %ai’jai’j ,and J; =

det(a;;) (Hopperstad and Barvik, 2013).

2.4.2 Plastic Flow Rule
The plastic flow rule is generally defined by (Hopperstad and Barvik, 2013):

2-22
@399
Y aO'ij
Where g = g(g) = 0 is the plastic potential function which is assumed to be a positive
homogenous function of order one and A is a non-negative scalar called the plastic parameter.
This ensures that the plastic strain rate tensor &€ is defined in a way that gives non-negative
dissipation, where the plastic dissipation is given by D, = aije"l?j >0 . When the plastic
potential is defined by the yield yield function, the associated flow rule is formed (Hopperstad
and Barvik, 2013).

of 2-23
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2.4.2.1 Von Mises yield criterion

The von Mises criterion is an isotropic and pressure insensitive yield criterion. It is used for
isotropic materials in Abaqus CAE (Dassault Systems, 2014). The assumption is that yielding
occurs when the second principal invariants of the stress deviator J, reach a critical value, k2,
J, = k?. Placticity theories based on the von Mises criterion are often called J, flow theories.
The von Mises yield function can be expressed by the stress deviator (Hopperstad and Bgrvik,
2013).

2-24

3
flo) = Eal-’jai’j — o, =0

The von Mises yield criterion expressed in terms of principal stress:

1
f(o1,07,03) = \/E ((oy —02)2 + (0, — 03)* + (03 —01)?) —0y =0 295

\)/ “
X\ k

Figure 2-6: Geometrical representation of the associated flow rule for von Mises yield surface. Figure
inspired by (Hopperstad and Bgrvik, 2013)

The associated flow rule implies that the incremental plastic strain vector, d&€P, is normal to the
yield locus, and can therefore be referred to as the normality rule. This is shown for the von
Mises yielded surface in Figure 2-6. The normality rule entails that the shape of the yield surface
determines the stress state at which yielding initiates and the direction of the plastic flow
(Hopperstad and Bgrvik, 2013).
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2.4 Material Modelling

The components of the plastic strain rate tensor £” are then described by the following equation

which states that the plastic strain rate tensor is deviatoric and proportional to the stress deviator.

. 2-26
P 34,

&j = aaij
where g,, = /3J, . The plastic volumetric strain rate is zero, ¢l = 0, which means that
according to von Mises yield criterion and the associated flow rule, plastic deformations will
not lead to any change in the volume, i.e. plastic incompressibility. The plastic parameter A may

be interpreted as an equivalent plastic strain rate, which leads to the definition of equivalent

plastic strain (Hopperstad and Barvik, 2013):

t t.
pzfpdtzf/ldt
0 0

For the associated flow rule, the equivalent plastic strain rate equals the plastic parameter, which

2-27

leads to the convenient expression for equivalent plastic strain rate (Hopperstad and Bgrvik,
2013):

2-28

2.4.3 Elastic-Plastic Materials with Isotropic Hardening

When a material is deformed plastically, work-hardening occurs, which implies that the strength
increases up to the point of necking. This plastic deformation of the material leads to movement
of dislocations, and additional dislocations are generated. As the number of dislocations
increases, the more they will interact, resulting in a strengthening of the material, but a decrease
in the ductility (NDT Resource Center, 2014).

Elastic-plastic materials with isotropic hardening, account for work-hardening by letting the
yield stress be dependent on the plastic straining. The yield function with isotropic hardening

is generally described with the equation 2-29 and 2-30 (Hopperstad and Bgrvik, 2013):

f(o,R) = ¢(0) —oy(R) <0 2-29

Uy(R) = 0-0 + R 2-30
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Where @ (o) is the equivalent stress, oy (R) is the flow stress and R is the isotropic hardening
variable. Under plastic deformation the hardening variable R increases which leads to an
increase in flow stress, and results in an expansion of the elastic domain (Hopperstad and
Barvik, 2013).

The general isotropic hardening rule (Equation 2-31) describes the rate at which the material is
work-hardened. The hardening modulus, hg, is assumed to depend on the state of the material
(Hopperstad and Borvik, 2013).

R = hpi 2-31

The Voce rule and the power law are two nonlinear isotropic work-hardening rules that describe
the evolution of the hardening variable R by the equivalent plastic strain. When the plastic
strain increases, the power law curve increases indefinitely while the VVoce curve saturates. The

power law is defined by Equation 2-32 (Hopperstad and Bgrvik, 2013):

R() = Kp" 232

where K and n are hardening parameters, which are determined from material tests. The Voce
rule is given by:

R(p) = Qr(1 — e~CrP) 2-33

where Cr and Q are hardening parameters and the latter represents the saturating of R. The
Voce rule can also be describe by a sum of equations like in equation 2-34:
o 2-34

R(p) = ) Qui(1 — eCxiP)

When assuming associated flow rule, given p = 1 , the hardening modulus for the power law

(2-35) and the Voce rule (2-36) are defined as, respectively (Hopperstad and Bgrvik, 2013):
hR = Knpn_l 2-35

hg = CR(QR - R) 2-36
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2.5 Failure Modes

The failure mode of a plate material is dependent upon the velocity of the indenter, angle of the
indenter and the material properties of the plate. Failure of thin or intermediate plates often
involves fracture due to the interactions of mechanisms like material properties, geometric
characteristics and impact velocity (Backman and Goldsmith, 1978). Failure modes which are

relevant for this master thesis are described in the following subsections.

2.5.1 Plugging

Failure due to plugging most commonly occurs in thin to intermediate, hard plates impacted by
blunt projectiles. Plugging develops as a result of a slug with nearly the same shape as the
moving projectile, as shown in Figure 2-7. The projectile pushes the slug and generates large
shears around the slug. The large shear forces generates heat, which decreases the material
strength around the slug and results in an instability. This instability is called an adiabatic

shearing process (Backman and Goldsmith, 1978).

0

Figure 2-7: Failure by plugging (Backman and Goldsmith, 1978)

2.5.2 Tearing

Failure due to tearing can occur as a plate is impacted by a rigid wedge. When the wedge hits
the plate, the plate buckles and bends out of plane. When the ultimate strength of the plate is
reached, the load declines without separation of material. As the wedge pushes further, there is

separation of material and the load increases (Wang, 2002).
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2.5.3 Petaling

Failure due to petaling most commonly occurs in thin plates impacted by blunt projectiles at
relatively low impact velocity. As the projectile pushes the plate material forward, large
bending moments create deformation of the plate. This produces high radial and circumferential
tensile stresses after passage of the initial wave near the lip of the penetrator. As petaling occurs,
it is followed by plastic flows or permanent bending, and when the tensile strength of the
material is exceeded, a star shaped crack develops (Backman and Goldsmith, 1978).

Figure 2-8: Failure by petaling (Backman and Goldsmith, 1978)

2.6 Fracture

In this chapter, microscopic fracture mechanisms and criterions to predict fracture are looked
into. The discussed criterions are the Cockcroft-Latham fracture criterion and the BWH

instability criterion.

In the constitutive model presented in the previous sections, it is assumed that that yielding is
independent of hydrostatic stress. Teirlinck et al. (1988) states that the plastic behaviour is
weakly dependent on hydrostatic pressure, but for practical use, the pressure insensitive von
Mises yield criterion is sufficient. With fracture, the situation is different because the volume
of the piece will increase when voids nucleate and grow (Teirlinck et al., 1988).

2.6.1 Fracture Mechanisms in Metals

When developing materials with optimal toughness, it is essential to understand the
microstructural events that lead to fracture. In some cases, it is favourable to approach fracture
with solid mechanics, modelling the behaviour of the materials as a continuous mass instead of
discrete particles. In other cases, it might be necessary to also look into the microscopic fracture
mechanisms. The theory on fracture in this section is mostly based on the Third edition Fracture
Mechanics book by T.L Anderson (Anderson, 2005).
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2.6 Fracture

There are three common micromechanisms of fracture in metals and alloys, they are illustrated
in Figure 2-9. In a ductile material, the fracture (Figure 2-9a) is usually a result of nucleation,
growth and coalescence of microscopic voids that initiate at inclusions and second-phase
particles. In other words, the voids grows together forming a macroscopic flaw, which leads to
fracture. Cleavage fracture, often called brittle fracture (Figure 2-9b) describes separation along
specific crystallographic planes, resulting in a transgranular and relatively smooth fracture path.
Intergranular fracture develops when the preferred fracture path consist with the grain
boundaries (Figure 2-9¢) (Anderson, 2005).

d 4 48 t ot R
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a) b) c)

Figure 2-9: Three micromechanisms of fracture in metals (Anderson, 2005) a) Ductile fracture,
b) Cleavage fracture and c) Intergranular fracture

2.6.1.1 Ductile material

The material AA6082-T6 is assumed to experience a ductile fracture and thus it is described in
more detail in this section. As described in section 2.3.1, a material under uniaxial tension will
eventually reach an instability point. This occurs as the strain hardening cannot keep up with
the loss in the cross-sectional area, and a necking region arises. The forming of the necking area
depends upon the purity of the material. In a tensile specimen of a material with high purity,
the reduction in area could be nearly 100% with severely large local plastic strains. Materials
with impurities will fail at lower strains, and therefore lower reduction in area (Anderson,
2005). In reality Aluminium is not 100% pure, it will always contain residual impurities, like

iron, silicone and copper (Meijers et al., 2010)

The whole process where nucleations initiate at inclusions and form microscopic voids that
coalesce and create a macroscopic flow which in the end leads to fracture, is systematically
illustrated in Figure 2-10. The interfacial bonds between the particle and the matrix is broken
when sufficient stress is applied, this will create a void around a second-phase particle or an
inclusion, see Figure 2-10 b). When further plastic strain and hydrostatic stress is applied, the

voids grow and eventually coalesce. Figure 2-10 c¢) shows how each void grows independently
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which can be assumed if the initial volume fraction of the voids is low (<10%). Figure 2-10 d)
and e) illustrates how plastic strain is localized along a sheet of voids, and how local necking
instabilities form between voids. The stress state decides the orientation of the fracture path
(Anderson, 2005).
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Figure 2-10:Void nucleation, growth, and coalescence in ductile metals. a)Inclusions in a ductile
matrix, b)void nucleation, c)void growth, d)strain localization between voids, e)necking between voids
and f) void coalescence and fracture (Anderson, 2005)

A precipitation harden aluminium alloy may have a bimodal distribution of particles, containing
relatively large intermetallic particles and a fine dispersion of submicron second-phase
precipitates. This Bimodal particle distribution can lead to shear fracture surfaces (Anderson,
2005).

The “cup and cone” fracture surface formation which is often observed in a uniaxial tensile test
of circular specimens, is shown in Figure 2-11. Figure 2-11a) shows how a triaxial stress state
develops in the necking area, in the center of the specimen, which promotes void nucleation
and growth in the larger particles. When applying more strain, the voids grow together and form
a penny-shaped flaw. The hydrostatic stress is lower in the outer ring of the specimen, which
explains why there are fewer voids there compared to the center. The penny—shaped flaw gives

rise to deformation bands at 45° from the tensile direction (Figure 2-11b). This concentration
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of strains leads to nucleation of voids in the finer particles (Figure 2-11c). These particles are
closely spaced, which leads to instability soon after the voids are formed and total fracture, with
the recognizable cup and cone surfaces (Figure 2-11d). The outer region of the fracture is
typically smooth while the central region has a fibrous appearance at low magnifications. The
outer surface is often referred to as a “shear surface” because of its direction, 45°, from the
tensile axis and since there are little evidence of microvoids coalescence at low magnifications
(Anderson, 2005). In shear fracture, or void-sheeting, voids nucleate in slip bands and with
further shear, the voids grow and fracture occurs (Figure 2-12). Shear fracture is less pressure
dependent because void which extend in shear do not need to increase in volume (Teirlinck et
al., 1988).
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Figure 2-11: Formation of the cup and cone fracture surface in uniaxial tension : a) void growth in a
triaxial stress state b) crack and deformation band formation c) nucleation at smaller particles along
the deformation bands d) cup and cone fracture (Anderson, 2005)
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a) b) C)
Figure 2-12: a) Yielding, b) void nucleation and c) shear fracture (Teirlinck et al., 1988)

The mechanisms for ductile crack growth on the tip of a pre-existing crack is illustrated in
Figure 2-13. When the surface with a crack is loaded, strains and stresses are localized at the
crack tip, and when they are sufficient, voids start to nucleate (Figure 2-13a). As the crack
becomes more blunt, the voids grow and eventually they coalesce with the crack (Figure 2-13
b, and c). This process continues through the material and the crack grows. A plate with an edge
crack that grows by microvoids coalescence may exhibit a tunnelling effect, which means that
as a result of higher stress triaxiality, the crack grows faster in the center of the plate. Figure
2-14 illustrates how the tunnelling effect will produce deformation bands that nucleate voids in
small particles. This results in shear lips, which means that near a free surface, the crack growth
will develop at a 45° angle from the maximum principal stress. Shear lips resemble the cup and

cone fracture formation illustrated in Figure 2-11 (Anderson, 2005).

Qe -

a) b) c)

Figure 2-13: Mechanism for ductile crack growth: a) initial state b) void growth at the crack tip c)
coalescence of voids with the crack tip (Anderson, 2005)
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Shear Lips

Deformation

Crack Bands

Tunneling

Figure 2-14: Ductile growth of an edge crack, illustrating the tunneling effect and shear lips
(Anderson, 2005)

The high-triaxiality crack growth appears to be flat on a global scale but when viewed with a
higher magnification, a more complex structure is revealed. Figure 2-15 a) shows the plane of
maximum plastic strain, which on a local level is the preferred path for void coalescence. Since
global constrains require that the crack generate in its original plane, one outcome is that the
crack grows in a +£45° zigzag pattern (Figure 2-15 b). Figure 2-15 c) displays this behaviour in

a metallographic cross-section of a growing crack (Anderson, 2005).

Plane of maximum
plastic strain

a) b) c)

Figure 2-15: Ductile crack growth in a 45° zigzag pattern a) plane of maximum plastic strain, b)
Zigzag crack propagation pattern, and c) Optical micrograph (unetched) of ductile crack growth in an
A 710 high-strength low-alloy steel. Photograph courtesy of J.P. Guda (Anderson, 2005)
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2.6.2 The Cockcroft-Latham fracture criterion

Cockceroft and Latham studied the fact that for a given material, fracture occurs for different
strains, dependent on the work processes. They assumed that the criterion on fracture should be
based on a combination of stresses and strains, and therefore, they looked at the total plastic
work done per unit volume at the fracture point. For a cylindrical test specimen, the stresses at
necking can be divided in two parts. The equivalent stress, which is equal the current yield
stress, and a hydrostatic tension, which varies from zero at the rim to a peak value at the
centreline. The peak stress o™ is, unlike the current yield stress, influenced by the shape of the
necked region. From this, they found that it would be reasonable to take the magnitude of the
highest normal stress into account; this is the peak stress, o, for the tensile test. Then, the
criterion based on plastic work would be dependent on the necking shape. Cockcroft and
Latham proposed the following criteria: That fracture occurs in a ductile material when the
expression in equation 2-37 reaches a constant value C for a given temperature and strain rate
(Cockcroft and Latham, 1968).

*

Ef o
f o ( T) de 2-37
0 o
Where &, is the fracture strain, & is the equivalent stress, and £ is the equivalent strain. The
relation (%) is a non-dimensional representation of the effect of the highest tensile stress o* .

For calculation purposes, the expression is reduced to (Cockcroft and Latham, 1968).
£f
J o"de=C 2-38
0

The criterion is regarded as a description of the observed behaviour of metals; it is not
considered a fundamental law. The criterion suggest that a ductile fracture is dependent on shear

stresses and tensile stresses (Cockcroft and Latham, 1968).

Takuda et al. (1999) rewrote equation 2-38, and obtained the following integral (Takuda et al.,
1999):

=275 a 2-39
_Efo” e _

Where the fracture condition is satisfied when and where the integral I amounts to unity
(Takuda et al., 1999).
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In the SIMLab metal model that will be used in the preliminary studies, the Cockcroft and

Latham criterion was implemented. There, the criterion is defined as:

. {61)
D=—p 2-40
So ©
Where &, is the maximum eigenvalue of the Cauchy stress tensor, S, is a positive constant
which is identified from experimental data, and p is the equivalent plastic strain rate. When
fracture occurs, D (the damage factor), equals the critical value, D., and the following relation
(equation 2-41) is given, where p; is the equivalent plastic strain at fracture (Structural Impact

Laboratory, 2014).
pf
j <61> dp - DCSO 2'41
0

The Cockcroft-Latham parameter W, is introduced as

W, = D,S, 2-42

2.6.3 The Bressan-Williams-Hill Instability criterion

A forming limit diagram (FLD) provides the maximum in-plane principal strains that a sheet
metal can sustain without localized necking when subjected to proportional strain paths defined
by a constant strain ratio. The strain ratio, 3, is given by the incremental changes in strain in
the minor principal axis divided by the incremental changes in strain in the major principal axis.

(Hopperstad, 2013)
g 2-43
T Agy

B
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£2

Figure 2-16: Typical forming limit diagram (FLD) (Alsos et al., 2008)

The forming limit diagram is, as mentioned, strain-based and depends on a proportional strain
path. He et al. (2014) stated that the material deformation in sheet metal forming process is
almost always nonlinear, and in some loading conditions, the loading path can deviate
significantly from linearly. To consider the nonlinearity, it is possible to use a stress-based FLD
which can be converted from the strain-based FLD, and is not dependent on deformation paths
(He et al., 2014).

The Bressan-Williams-Hill (BWH) criterion provides a simplified way to determine the onset
of local necking. It describes an analytical forming limit curve in the stress space, which is more
or less unaffected by the strain paths, and can thus be expressed as strain-path independent
(Alsos et al., 2009). The following derivation of the Bressan-Williams-Hill (BWH) criterion is
retrieved from Alsos et al. (2008). They adopted a stress based forming limit approach, and
evaluated a combined Bressan-Williams and Hill instability criterion.

To be able to describe both the positive and the negative quadrant of the FLD, the Hill and the
Bressan-Williams criterion were combined to the Bressan-Williams-Hill (BWH) criterion. This

criterion is shown in equation 2-44 (Alsos et al., 2008).

( 1
2k 1+5PB 2 & ="
ﬁ,/ﬁ2+ﬁ+1<ﬁ1+ﬁ d +'B+1) FE=0
2 n
01 = 9 —=¢€ 2-44
' iK (\/§ 1) otherwise
V3 8\
k ‘/1_(2+ﬁ)
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Both the Hill’s local necking criterion and the Bressan-Williams shear instability criterion will

be described in the following paragraphs.

Bressan and Williams (BW) found that a shear based instability criterion could estimate the
point of local necking in the positive quadrant of the FLD. This was justified by experiments
that showed that in sheet metal, the failure planes lie close to the direction of the maximum
shear stress. And thus it is reasonable to assume that the instability in the sheet metals occurs
before necking is visible. The expressions found by BW follow three assumptions (Alsos et al.,
2008):

1. The shear instability is initiated in the direction through the thickness at which the
material element experience no change of length (direction xt, Figure 2-17), indicating
a critical through-thickness shear direction.

2. The instability is triggered by a local shear stress which exceeds a critical value. This
means that the initiation of local necking is described as a material property.

3. Elastic strains are neglected, which is reasonable since the plastic strains are large

compared to elastic strains at local necking.

From these assumptions and Figure 2-17, the BW criterion was found.

Figure 2-17: Local shear instability in material element (Alsos et al., 2008)

As the shear instability occurs, the inclined plane through the element thickness forms an angle

to the shell plane, but does not elongate, so €, remains zero.

. . . . 2.45
. _€1t€ € €3 Ty
€ = > + > C052(9+E)_0
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If plastic incompressibility (section 2.3), é; = —€,(1 + ), is assumed, it is found that:
B 2-46

20 = ———

CoS o+ ﬁ

To find the relation between the inclined plane and the stress, the stress state is obtained from

the rules of stress transformation.

o, 2-47
Ter = > sin 260

The Bressan-Williams criterion is found by combining the two equations (2-46 and 2-47):

21, 2-48
- (o)

A more detailed derivation of the Bressan-Williams shear based instability criterion is shown

0-1:

in appendix A.1.

The BW criterion is valid for the positive regime of the FLD, and is unstable in the negative
quadrant. Therefore, the Hill’s local necking criterion was combined with the BW criterion to
cover the whole regime. Hill assumed that the strain increments along a local neck, which forms

an angle ¢ with the major principal axis, will be zero. This angle can be expressed by ¢ =

tan™?! (L) which is only valid for negative values of £. The fractions within the material

V7
reach a maximum value at the point of local necking, since when a neck is formed, the effect
of strain hardening and the diminution in thickness balance each other exactly. This means that
the traction increments are equal to zero at the point of necking, which leads to the local necking
criterion (Alsos et al., 2008):

doy 2-49
— =01+ -
de, o1 ( B)
In Hill’s local necking criterion, it is assumed that the stress-strain curve can be described by
the power law equation, ., = Keg,, Which is described in section 2.4.3, and that there is

o (]

proportionality between stress rates and stresses, a = — =

o1 o1’
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/R2
At local necking the equivalent strain is given by €., = % ﬁligﬂ. From this equation, a path

independent stress based FLC (forming limit curve) can be found, and gives the equivalent

stress at local necking:

2-50

26, JEZ+B+1\

Oog =K|—= ———
V3 1+B

These equations result in the equation for major principal stress in the negative regime:

2-51

n

1
2k 1+35f v _
01_\/5./,32+,8+1(\/§1+ﬁ“ﬁ +ﬁ+1>

A more detailed derivation of Hill’s local necking criterion is shown in appendix A.2.

In the BWH instability criterion, the material is assumed to have isotropic plastic properties and
is modeled by the plane stress J, flow theory. A modified power law formulation represents the
equivalent stress-strain relationship and includes the plateau strain (&, = 0 for aluminium),

it is shown in equation (Alsos et al., 2009):

. = Oy if €eq < Eplat 2-52
¢4 | K (€eq + €0)" otherwise
where the strain g, is given by:
Gy 1/ 2-53
& = (?) — Eplat

When applying the BWH instability criterion to a finite element code, the failure is checked
only in the mid-through-thickness integration point of every shell element. When the criterion
is violated in an element, fracture is initiated by removing the element. The criterion searches
for local instability, so it only applies to membrane stresses and strains, and thus the effect of
bending is left out (Alsos et al., 2009).
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3.1 Explicit analysis

3 Finite Element Method

All numerical simulations in this master thesis are completed using the finite element analysis
(FEA) software Abaqus/CAE. This chapter gives a brief presentation of the relevant theory for
dynamic and quasi-static analyses and numerical modeling. In addition, theory on energy

balance is included here.

3.1 Explicit analysis

There are two different direct integration schemes available for solving dynamic problems;
Explicit, where the solution is obtained in terms of known quantities, and implicit, where the
solution is obtained in terms of unknown quantities. In this master thesis, the explicit method
was used. The explicit method is preferable when solving problems regarding discontinuous
nonlinearities such as material failure and contact, and is ideal for high speed dynamic
simulations where small time increments are required. The method does not require any
equation solving, which indicates computational inexpensive time increments, and equilibrium
iterations are not necessary, so convergence is not a problem. One problem with the explicit
method is that it is conditionally stable which means that it requires very small time steps
(Mathisen, 2014e). The explicit, dynamics analysis procedure in Abaqus/Explicit is based on
implementing an explicit integration rule together with using a lumped element mass matrix,

i.e. a diagonal mass matrix (Dassault Systems, 2014).

The equation of motion for a multi degree of freedom system at a time t can be written as
(Mathisen, 2014e):

{Rine(t)} + {Rdmp(t)} + {Rint(t)} — {Rext(t)} 3-1

Where {R¢*t(t)} is the external force vector for the structure, and the inertia forces, damping

forces and internal forces can be expressed by:

{Rine(t)} = [M]{D(t)} 3-2
{RImP (£)} = [C{D} = (a[M] + BIKD{D} 3-3
3-4

{R™ ()} = [K{D ()}
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Where [M] is the mass matrix, [C] is the damping matrix and [K] is the stiffness matrix. The
displacement, velocity and acceleration, {D}, {D} and {D} respectively, will be solved by

explicit solution method.

From this, the governing equations of structural dynamics can be expressed as (Mathisen,
2014e):

MI{D ()} + [CH{D} + [KI{D ()} = {R***(t)}

3.1.1 Explicit Direct Integration

In a multi degree of freedom system, the dynamic equilibrium is considered at time t,, to
calculate the displacement at time t,,, ;. The equation of motion (Equation 3-5) can be solved
in this manner by employing the central difference method. There are two forms of the central
difference method that will be described here, the classical central difference method and the
half-step central difference method (Cook et al., 2002).

The central difference method for the velocity and acceleration, is approximated by the

following equations, respectively (Cook et al., 2002):

. 1
(0}, = 557 (DInss = DIp-0) >0

(B), = 517 ((Dhues — 200}, + (D}acs) >

Equation 3-6 and 3-7 can be obtained from a Taylor series expansion of {D},,,, and {D},_;.
By neglecting At to powers higher than second, the primary error term is proportional to At2.
This means that it has second order accuracy. By substituting equation 3-6 and 3-7 into the

equation of motion (Equation 3-5), it provides (Cook et al., 2002):

3-8

1 1
zM———C{{D}n

= (R}, — (R™) + 23 [MI(D},, — M-

At?
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If the mass and damping matrices are not diagonal, it is necessary to establish and factorize an

effective stiffness [K¢//] in order to obtain the displacement {D},,,, (Mathisen, 2014e):

(DYnss = (KR, >
1 1 3-10
(K] = 5 M) + 5 [C]

In a general dynamic response analysis it can be desirable to include stiffness-proportional
damping [C] = B[K] to damp high-frequency numerical noise. This makes the effective
stiffness matrix [K¢//] non-diagonal and thus the computational cost per time increases
significantly. To overcome this problem, it is possible to establish the equilibrium equations
with velocity lagging by half time step (Mathisen, 2014e). Hence, the half-step central
difference method is established by the following equations for velocity and acceleration,

respectively (Cook et al., 2002):

. 1 3-11
{0}, ), = 57 D} — (D}n-o)
. 1 3-12
{D},1/, = 77 (Dt — (D}
1 1 3-13

(0}, = 5 (10, ~ (B}, ) = 177 ((DYnss — 2D} + (DY)

The equation of motion is rewritten with velocity lagging by half a time step by using the

equations (Cook et al., 2002):

: 3-14
{D}uss = {D}n + AE{D}
. oy .. 3-15
{D}n+1/2 - {D}n—1/2 + At{D}n
Thus, the equation of motion can be written as:
3-16

[MI{D} +I[CH{D} . P (R} = (R (D)}
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Combination of these equation provides (Cook et al., 2002):

1
7 (MI(D}

1 . 3-17
= {Rext} {Rmt} + — AL [ ] ({D}n + At{D}n_%>

B C]{D}n—uz

When n=0, {D} . is needed on the right hand side of the equation. This is obtained by a
2

backward difference approximation (Cook et al., 2002):

. 3-18
(0}, = 7275 (0, - 0)_,,.)
. At 3-19
{D}_1/2 = {D}o - 7{D}0
Where {D}O is obtained by evaluating the equation of motion at time t:
3-20

(D}, = 17 ({R™), — IKID}o — [CI{D),)

The explicit method is conditionally stable, which means that the solution is only bounded when
the time increment At is less than the stable time increment At,,. In Abaqus/Explicit some
damping is introduced to control high frequency oscillations, and thus the time increment is

given by (Dassault Systems, 2014):
3-21

—(Vi+e-¢)

Where £ is the damping ratio in the highest mode and reduces the stable time increment.

When there is no damping in the system, the stable time increment is given in terms of the
highest eigenvalue of the system, w,,,, (Dassault Systems, 2014):

5 3-22
At <

wmax
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Abaqus/Explicit computes the stable time increment from the dilatational wave speed, c,, and
the characteristic length of the smallest element in the FE model, L (Mathisen, 2014e):

3-23

2 I 3-24

At < =
Wmax  Ca

E is the elastic modulus for the material and p is the mass density. Hence the stable time
increment is determined by the smallest, stiffest and least dense element in Abaqus. The
physical interpretation of At is that At must me sufficiently small so that information does not
propagate more than the distance between adjacent nodes during a single time step. Higher
order elements have high frequencies compared to lower order elements, and tend to produce
noise when stress waves move across the FE mesh. Thus should higher order elements be
avoided when using explicit time integration. Similarly should small lumped masses be avoided

since they make the eigenvalue of the system, w,,,,, Very large.

3.1.2 Contact

In a finite element analysis, a contact condition is a special class of discontinuous nonlinear
constraints which allow forces to be transmitted from one part of the model to another. There
are many different approaches for the solution of contact problems, for instance the Lagrange
multiplier method and the penalty method. Abaqus/Explicit enforces contact constraints via the
penalty method, only. The penalty method leaves the number of unknowns unchanged, but may

in some cases produce an ill-conditioned set of equations (Mathisen, 2014e).

Abaqus/Explicit provides two algorithms for modelling contact; General contact and contact
pairs. General contact allows a definition of contact between many or all regions of a model
with a single interaction. This interaction typically include all bodies in the model and require
very few restrictions on the types of surfaces involved. The surfaces involved in the contact
domain can also be disconnected. Contact pairs describes the contact between two surfaces.
This algorithm require a more careful definition of contact since every possible contact pair
must be defined and it has many restrictions on the types of surfaces involved. The interactions
must be defined by specifying each of the individual surface pairs that can interact with each
other (Mathisen, 2014e).
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3 Finite Element Method

3.1.2.1 The Penalty Contact Method

The penalty contact method impose the contact condition by extending the potential energy of
the system by a penalty term, where the penalty parameter a can be interpreted as a spring
stiffness in the contact interface (Mathisen, 2014e):

3-25

1 1 1
Iy, =11, + Ea[C(u)]2 = Eku2 —mgu +Ea(u — h)?

The penalty parameter can be interpreted like this since the potential energy of the penalty term

has the same structure as the potential energy of a simple spring, see Figure 3-1.

=
il ——

Figure 3-1: The Penalty Contact Method (Mathisen, 2014e)

To make ITy, stationary, the following equation needs to be satisfied (Mathisen, 2014e):

P 3-26
P
{(’)u}:O = (k+ a)u =mg + ah

The value for the contact condition, and thus the contact force for the penalty method which

equals the interface spring force then becomes, respectively:
mg — kh 3-27

Clu)y=u—h= P

a 3-28
A=alC(u) = k-l-—a(mg — kh)
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3.2 Plate Theory

In case of contact mg > kh and a point mass will penetrate into the rigid support. This is
physically equivalent to a compression of the interface spring with stiffness a. The amount of
penetration depends upon the penalty parameter and the contact condition is only satisfied in
the limit (Mathisen, 2014e):

a—->o =>Cu)=u—h—o00ru—nh 3-29

Since the penalty parameter has to be chosen, it is distinguished between two limiting cases;
the constrained solution obtained for a very large penalty parameter and the unconstrained
solution obtained for a very small penalty parameter. The constrained solution leads to a very
large spring stiffness, and a small penetration into a rigid surface. The unconstrained solution
leads to a very small spring stiffness, and a large penetration into a rigid surface. The

unconstrained solution is only valid in the case of no contact (Mathisen, 2014e).

3.2 Plate Theory

According to plate theory, a plate is thin if the ratio between the thickness and length is less
than 1/10; t/L = 1/10. The xy-plane (z=0) of a plate with thickness t is located in a distance
t/2 from each lateral surface, and it is assumed that the midsurface acts as a neutral surface, i.e.

atz=0: &, = &, = ¥y, = 0, and that the normal strains in the thickness directions are zero, ¢, =

";_VZV = 0 (Cook et al., 2002).
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Figure 3-2: a) Stresses and distributed lateral force g on a differential element of a plate
b) Moment and transverse shear forces associated with stresses in a) (Cook et al., 2002)
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3 Finite Element Method

Figure 3-2 shows the rates of change of the stress-resultants acting on a differential plate
element. By this figure, the stress-resultants may be expressed in terms of displacements, for
the moment and shear force in equation 3-30 and 3-31 respectively (Mathisen, 2014a):

M, 3-30
M=|My|=-Dx

| Mzy

3-31

0 =[] - ke

where k is the curvature and D is the flexural rigidity and analogous to flexural stiffness El of
a beam in the moment equation. In the equation for the shear force, G is the shear modulus, &
is the shear strain and t, = kt is the effective stiffness for transverse shear deformation, where
k accounts for the parabolic variation of transverse shear stress in the z-direction. For a
homogenous plate, k = 5/6 (Mathisen, 2014a).

3.3 Shell Elements

A shell section can be derived from a plate section by forming the middle surface as a curved
surface. The shell section supports external loads by the stress resultant acting as both bending
(out-of-plane) and membrane (in-plane) stresses. The loading is carried primarily by membrane
actions, so the bending stresses are low (Mathisen, 2014a). This is illustrated in Figure 3-3.

WL g,
B ) S—

a) b)

Figure 3-3: a) Load bearing by bending and b) membrane action (Mathisen, 2014a)

In Abaqus, there are three different types of shell elements; general purpose, thin and thick shell
elements. The solutions provided for thin shell elements can be described by classical,
Kirchhoff, shell theory while thick shell elements yield solutions for structures are best modeled
by shear flexible, Mindlin, elements. Abaqus/Explicit only provides general purpose shell
elements, which gives solutions for both thin and thick shell problems. The general-purpose

shell elements used in this master thesis are S4R. These elements give robust and accurate
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3.4 Energy Balance

solutions in all loading conditions. The elements consider finite membrane strains as a default
in Abaqus. They do not suffer from transverse shear locking and do not have any unconstrained
hourglass modes. The thickness may change as a function of in-plane deformation. For explicit
analysis, the thickness change is based on the “effective section Poisson ratio”, and is calculated

using the equation: &35 = _1% * (€11 + &22). The formulation of the S4R element can be

found in the Abaqus 6.14 theory guide, section 3.6.5 (Dassault Systems, 2014).

3.4 Energy Balance

The law of conservation of energy states that, for an isolated system, the total energy over time
stays constant. This implies that the time rate of change of kinetic energy and internal energy
for a fixed body is equal to the sum of the rate of work done by the surface and body forces
(Dassault Systems, 2014). The energy balance equation in Abaqus/Explicit can be written as
(Simulia, 2014):

Ei+Ey+Epp+Egkg+Eng—Ew—Epw —Ecw — Emw — Enr 3-32

= Eiotal = constant

where E; is the internal energy, E} is the dissipated viscous energy, Erp is the dissipated
frictional energy, Exg is the Kinetic energy, E;yg is the internal heat energy, Ey, is the work
done by the externally applied loads, Epy,, Eqy and Ey,y, are the work done by contact penalties,
constraint penalties and propelling added mass, and Eyy is the external heat energy through
external fluxes. The sum, E;,:4;, Should be constant, generally with an error of less than 1% in

numerical models .

For further information on energy balance, see the Abaqus Documentation, Getting started with
Abaqus: Keyword Edition section 13.4 (Simulia, 2014) and section 1.5.5 in the Abaqus Theory
Guide (Dassault Systems, 2014).

3.4.1 Energy Absorption

In large deformation processes of structures, many forms of irreversible energies exist. Some
of these are plastic dissipation, viscous deformation energy and energy dissipated by friction or
fracture. Energy absorption from plastic deformation is the most effective mechanism for

absorbing energy in ductile materials (Lu and Yu, 2003).
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3 Finite Element Method

When analysing the energy-absorption capacity of structures, the following energy method is
frequently used. The general energy balance for an elastic-plastic structure is given by:

Ein =W +D 3-33

Where E;, is the input energy, i.e. the external work applied, W€ denotes the elastic strain
energy which is stored in the structure, and D the plastic energy dissipation. If the input energy
is much larger than the elastic strain energy E;;,, > W€, W€ may be neglected, and rigid-plastic

models may be employed (Lu and Yu, 2003).

When analysing large deformations the object is regularly to find the limit load as a function of

the deformation:

A structure that experience large deformation under a load F leads to the energy balance shown
in equation 3-35. Where the external work equals the area under the force-displacement curve
and the dissipation D equals an integration of the incremental plastic dissipation during the
deformation process. The final displacement is given by Ay.

A Af 3-35
E, = f F(A)dA=D = f dD
0 0

The kinetic energy of a indenter with a mass M and an intial velocity v,, have a kinetic energy

1 3-36

E, = —Muv,?
k 2 0

The work-energy theorem states that the change in kinetic energy of an object is equal the net
work done on the object (Lu and Yu, 2003):

Wiee = AEy 3-37

The change in kinetic energy of the indenter equals the input energy, giving the following

energy balance:

3-38
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3.4 Energy Balance

3.4.2 Energy Balance in Quasi-Static Analyses

For a test to be qualified as quasi-static the velocity should be very small and the inertia forces
and the kinetic energy should be negligible (Abaqus Inc, 2005). The energy history should be

as shown in Figure 3-4.

energy

time

Figure 3-4: Energy history for quasi-static tensile test (Simulia, 2014)

In a quasi-static test, the work produced by the external forces should be nearly equal to the
internal energy of the system. As mentioned, the kinetic energy should be negligible compared
to the internal energy, typically 5-10% of the internal energy.
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3 Finite Element Method
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4.1 Impact Load

4 Experimental Set-up

For the experimental test, the dimensions of the welded aluminium plate and the rig had to be
determined. The rig needed to be designed to fit both the aluminium plates used in this master
thesis, and the steel plates used by fellow student Sindre Sglvernes in his master thesis. The
size of the rig depends on the size of the aluminium plates and the steel plates, and limitations
of the kicking machine used in the laboratory test, see section 4.1.1. Several different solutions
for the welded plate and the rig was prepared and simulated in Abaqus/Explicit to find the
optimal solution. First, a definition of impact loading and a description of machines and

equipment which will be used in the laboratory experiment will be introduced.

4.1 Impact Load

A ship crashing into an aluminium structure characterizes as an impact loading since it is a
dynamic effect on a stationary body hit by a short, forcible contact of another moving body
(Dictionary of Construction, 2015). In the laboratory experiment, some of the aluminium plates
will be subjected to a quasi-static load and some to dynamic loads with different velocities.
Several shapes of indenters will be considered in the preliminary study. These are discussed in
section 5.2.1, where some relevant results also are included. The shape that will be used in this
introductory study to the laboratory experiment is a cylindrical indenter with diameter 50mm
and length 300mm, shown in Figure 4-1. To try to re-enact a ship crashing into an aluminium
construction in the best possible way, the impactor will have high mass and low velocity. The
mass of the impactor is 1431 kg, and the initial velocity will be decided after the quasi-static

component test has been conducted.

Figure 4-1: Cylindrical indenter shape in Abaqus
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4 Experimental Set-up

4.1.1 The Kicking Machine

The impact testing of the aluminium plate will be performed by using the kicking machine at
SIMLab, NTNU. The kicking machine accelerates a trolley up to the desired impact velocity.
This accelerating force is produced by a hydraulic actuator which is connected to a rotating arm
(Hanssen et al., 2003). The machine is shown in Figure 4-2, the rig will be mounted on the

reaction wall, which is marked with a red circle, and the indenter will be installed on the trolley.
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Figure 4-2: The Kicking Machine (Hanssen et al., 2003)

4.2 Support for Quasi-Static Test

For the quasi-static tests, the indenter will be installed at the tip (marked with a red circle) of a
1000 kN RDP-Howden-Ltd cylinder with a HBM load cell called U15/1IMN shown in Figure
4-3. An extra support was needed to fit the rig into the testing machine. The support is shown
in Figure 4-3, and capacity calculations will be presented in section 5.1.2. The rig with the plate

will be placed on the support under the cylinder.
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4.3 Introductory model

Figure 4-3: a) Quasi-static setup and b) support for quasi-static test

4.3 Introductory model

All the introductory revisions were simulated as nonlinear analyses in Abaqus/Explicit. The
plate was implemented as a deformable part with shell elements and five integrations point
through the thickness, and the rig and indenter as discrete rigid, see Figure 4-4. The plate was
meshed with element size equal to the thickness (4mm) and the rig with element size two times
the thickness (20 mm). For the indenter a mesh of 8 mm where used. To save unnecessary
computational time, only one quarter of the rig, plate and indenter was modelled, with
symmetry boundary conditions. The indenter will be given an initial velocity and hit the plate
transversally to the stiffeners it is restricted from movements in all directions except in the
loading direction. In revision 1, a surface to surface interaction with penalty contact was used
and in the remaining, a general contact interaction was implemented for the whole model. The
friction coefficient for contact between aluminum and steel was set to 0.61 (Engineers
Handbook, 2006). In the experiments, teflon will be placed in between the plate and the rig (see
Figure 4-7). This is done to ensure that the plate can move as frictionless as possible in the in-
plane direction. Therefore, a frictionless contact condition was implemented in Abaqus in these
surfaces in the introductory model. In this master thesis, a simplified constitutive material
model with the von Mises yield criterion was used.
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4 Experimental Set-up

Figure 4-4: Abaqus model — Revision 1

4.3.1 Material

The material characteristics from the master thesis of Hildrum (2002) were used in the
introductory model. Hildrum used aluminium alloy AA6082, temper T6, with the chemical

composition given in Table 4-1 (Hildrum, 2002):

Table 4-1: Chemical composition of AA6082-T6 (Hildrum, 2002)

Mg Si Mn Fe Cu Cr Zn Ti Al

Min (%) 04 06 04 - - - - -
Balance
Max (%) | 1.4 16 10 05 01 01 0.2 0.1

In all numerical simulations, Hildrum used a Young’s modulus of 70000 MPa and a Poisson’s
ratio of 0.33. Hildrum established material parameters without damage, and including damage.
The material parameters used in the preliminary model were the once not including damage,
and are shown in Table 4-2. The Voce rule was used to fit a curve to the material parameters,
by the method presented in section 2.4.3 (Hildrum, 2002).
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4.4 Revisions of Plate and Rig

Table 4-2: Hardening parameters (Hildrum, 2002)

Material E [GPa] o, [MPa] Qr1[MPa] Cr1 Qr2 [MPa] Cre

Base material 70.0 193 80.5 3.21*10° 68.9 20.3
Weld 70.0 134 69.0 217.7 130.0 5.8
HAZ1 70.0 110 45.9 4.94*%10° 90.5 42.5
HAZ2 70.0 136 45.9 4.94*103 90.5 42.5

In the simulations, when studying the equivalent plastic strain in the models, a limit value was
implemented to study the deformations at fracture. From Chen et al. (2009) the average
logarithmic strain at fracture for AA6082-T6 in uniaxial tension was found to be 0.707 in the
direction of extrusion. In this introductory study, the equivalent plastic strain at fracture was set
to be 0.7

4.4 Revisions of Plate and Rig

Multiple revisions of the aluminium plate and the supports were made in the process of finding
the optimal solution for the plate and the rig. The extruded aluminium profile shown in Figure
4-5 was used in the first four revisions of the plate. The first three revisions are composed of
three extruded aluminium profiles welded together with different solutions for the supports. In

revision four, it was attempted to position the weld in the center of the plate.

350
a7.5 175 87.5
:J: o 3 m o T
67.5 J 40 | 135 J 40 | 67.5

Figure 4-5: Extruded aluminium profile [mm]
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4 Experimental Set-up

When the final drawings were sent to Sapa for manufacturing, they informed that they where
not able to deliver the extruded aluminium profiles shown in Figure 4-5 in the agreed upon
time. Therefore, Sapa suggested another extruded aluminium profile which would speed up the
process of manufacturing. This meant that the original rig would have to be updated to fit the

new profile. The new profile is shown in Figure 4-6 and revision 5 shows the final plate and
rig.

400
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Figure 4-6: New extruded aluminium profile [mm]

All revisions of the rig are composed of four S355 steel RHS 100x100x10 profiles welded
together on top of the plate and four on the bottom. The top and bottom parts of the rig are
clamped together with bolts in different manners as will be described in the following, and are
supported by eight RHS 100x100x10 with a length of 300mm, see Figure 4-9. The support legs
will be mounted on the receiving wall, which gives an opening between the rig and the receiving
wall. This is important, if the indenter goes through the plate it should not get in contact with

the wall.

4.4.1 Revision 1l

Revision 1 consists of three aluminium profiles welded together with one extruded 3.5 mm
thick and 150 mm wide plate (marked in red) welded on the two sides that are parallel to the
stiffeners length, as seen in Figure 4-7. In the longitudinal direction, the stiffeners are cut of to
be able to have a smooth surface at the support area of the rig. The stiffeners are cut off at a
distance of 25 mm from the rig to have room for deflection of the plate and potential rotation
of the stiffeners. The distance between the RHS profiles is 1050 mm in both directions while

the plate has a total length of 1350 mm in both directions.
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4.4 Revisions of Plate and Rig
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Figure 4-7: Revision 1 - Side view of plate and rig [mm]

The upper part of the rig will be clamped to the bottom part of the rig with eight bolts, in the
corners and in the middle of the edges. To avoid unnecessary tension in the plate when
deflected, cutouts are made for the bolts in the corners and in the middle of the ends in the plate.
This is done so the plate can deform freely without any excessive tension. The plate with the
cutouts is shown in Figure 4-8. Figure 4-9 shows the plate which consist of extruded aluminium
profiles and plates in the steel rig. This figure also shows the placing of the bolts and the support

legs.
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Figure 4-8: Revision 1- Aluminium profiles and plates with cutouts for bolts [mm]
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4 Experimental Set-up

— B

Plate - top view Plate - bottom view

Figure 4-9: Revision 1 - Aluminium profiles and plates placed in the rig

The model was implemented in Abaqus/Explicit to check the displacement pattern and the
stresses in plate. A surface to surface interaction was used between the plate and the rig, and
between the plate and the indenter. The support legs was not modeled, because they would not
have an effect when the rig is modeled as discrete rigid. To find the necessary initial velocity
of the indenter which gives equivalent plastic strain of 0.7, a quasi-static analysis was run first.
From this, the external energy was found, and thus the necessary velocity in the dynamic test,
as described in section 3.4.1. In the quasi-static analysis, the mass was removed from the
indenter and the velocity was set to be constant 0.5 m/s. When running quasi-static analyses in
Abaqus, it is important that the kinetic energy is negligible compared to the internal energy and
the external work should be equal to the internal energy, see section 3.4.2. For this revision, the
necessary initial velocity in the dynamic simulation was calculated to be 3.469 m/s. The

indenter hits the plate and bounces back .

The plot of the von Mises stresses from Abaqus/Explicit at maximum displacement is shown
in Figure 4-10. The figure shows excessive stresses in the support area on the rig, where the
stiffeners are cut off. The plate exhibited a maximum deflection of 111.39 mm and a maximum
applied force of 165.4 kN.
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4.4 Revisions of Plate and Rig
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Figure 4-10: Revision 1- Von Mises stresses in the plate [MPa] (Top part of the rig is removed from
results for better visibility)

4.4.2 Revision 2

In revision 2, an attempt was made to avoid the accumulation of stresses by the support area on
the rig by letting the stiffeners be continuous. To make this possible, cutouts were made in the
two RHS beam profiles in the transverse direction, as shown in Figure 4-11. In addition, after
directions from Sapa, the extruded plate was replaced by an extruded profile cut to a necessary
width of 150mm. This made it necessary to mill away the small “lip” on the edge of the profile

shown in Figure 4-5, in all the places where it would be in contact with the rig.
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Figure 4-11: Revision 2- Cutouts in support [mm]

This model was also implemented in Abaqus/Explicit to check the displacement and tension
pattern in the plate, and to be able to compare it to revision 1. Here, a general contact interaction
was implemented to more easily include the interaction between the stiffeners and the cutouts.
As was done in revision 1, the Abaqus/Explicit model was run as a quasi-static analysis first to
find the necessary velocity to achieve an equivalent plastic strain of 0.7. This velocity was found
to be 3.48 m/s for continuous stiffeners. As seen in Figure 4-12, there is noticeable local
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4 Experimental Set-up

deformation of the stiffeners in the cutouts of the rig, and some rotation of the stiffeners. The
plate exhibited a maximum deflection of 114.48 mm and a maximum applied force of 148.40
KN.

Figure 4-12: Revision 2 — Displacement in the vertical direction illustration the deformation in and
around the stiffeners [mm]

4.4.3 Revision 3

The rotation and deformation in the stiffeners at and past the rig were attempted reduced by
letting the plate only reach the end of the rig, and including L100x50x8 profiles under the plate.
The L-profiles were placed under the plate in the rig on all sides. On the sides with cutouts, the
L-profiles where cut to give a 10mm opening for the stiffeners. This solution also eliminated
the need for cutouts for bolts by implementing a solution with welding pipes on the rig and
leading bolts through the pipes to keep the upper and lower part of the rig together. This reduces
the deflection and rotation around the cutouts, which was noticed in revision 2. The solution
with the cutouts and the L-profile is shown in Figure 4-13. Only the part of the L-profiles that

are placed under the plate was modelled.

It is clear from Figure 4-14 and Figure 4-15 that both the displacement around the cutouts and
the rotation of the stiffeners are reduced for this solution. The quasi-static simulation gave a
necessary velocity of 3.63 m/s at equivalent plastic strain of 0.7. At that point, the plate
exhibited a deflection of 104.46 mm and an applied force of 189.44 kN.
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Figure 4-13: Revision 4 - Support, with L100x50x8
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Figure 4-14: Revision 4 — Deformation in the plate

Figure 4-15: Revision 4 — Rotation of stiffeners
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4.4.4 Revision 4

An alternative solution to revision 3 is to place the aluminium profiles such that the weld is in
the middle of the plate. Here, the characteristics of the welds shown in Table 4-2 was
implemented for the friction stir welds (FSW) and the heat affected zones (HAZ). This solution
was implemented in Abaqus/Explicit, but as expected, the plate showed a tendency to fail in
the area of the FSW or the HAZ. Since this is expected to happen in every case, it is not
interesting to consider this revision, but a plate where the indenter hits between two welds as in

revision 3.

4.45 Revision 5

This revision was made after the new profile was provided by Sapa. The width of the plate
needed to be changed so the stiffeners could have a sufficient distance to the support. Figure
4-16 and Figure 4-18 show the plate and rig with the new profile and Figure 4-17 shows the rig
with the pipes welded on the sides and the eight support legs. In Figure 4-16 it is also shown
where the small “lip” on the edge of the profile in Figure 4-6 had to be milled away over the

support area of the rig.
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Figure 4-16: Revision 5 - Plate for new aluminium profile
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Figure 4-18: Revision 6 - Side view of plate and rig
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In the numerical model some changes were made to the contact formulations to account for
some unrealistic displacement in the plate. The contact between the rig and the plate was
excluded from the general contact and substituted by a surface-to-surface contact with penalty
constraint method. Figure 4-19 shows revision 6 implemented in Abaqus CAE, run with a
velocity of 3.31 m/s, that was found from a quasi-static simulation. This gave an equivalent
plastic strain of 0.72 in the plate, a maximum force of 175.6 kN and maximum displacement of
87.1 mm. Figure 4-19 also shows the displacement in the horizontal direction which illustrates

that there is only moderate rotation in stiffeners.
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Figure 4-19: Revision 6 — @) Equivalent plastic strain in the impact area and b) Rotation of the
stiffeners
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5.1 Analytical Calculations

5 Preliminary Analysis

In the preliminary analysis, analytical calculations were performed for the bolts and the quasi-
static support to find their capacities. In addition, preliminary numerical nonlinear analyses and
a parameter study has been conducted to investigate the effect of different parameters, and
possibly improve the numerical model. This includes a study to find which indenter shapes that
would be interesting to consider in the laboratory experiment, and to study the effect of some

parameters (mesh and friction coefficients) in the simulations.

5.1 Analytical Calculations

Analytical calculations were performed to make sure the components that will be used in the

component tests will sustain the loading that will be applied.

5.1.1 Nominal Capacity of Bolts

The bolts used in the connection between the upper and lower part of the rig are of class 12.9
and size M16. The nominal capacity for the bolts in tension and shear is calculated using the

following equations, respectively (European Committee for Standardizarion (CEN), 2008):

_kz*fub*As 51
Fipa =————
Ym2
_av*fub*As 52
Fora=—"——

Ym2

Where k> is an empirical factor (k»=0.9), oy is assumed to be 0.6 for class 12.9, y,, is the
material factor (y,, = 1.25) (European Committee for Standardizarion (CEN), 2008), fus is the
ultimate stress (for bolts with class 12.9, fu,=1220 MPa) and As is the tension area of the bolt
(for M16 bolts, As=157 mm?) (Tingstad, 2015). This gives a nominal capacity of the bolts of:

Ft,Rd = 1379 kN
Fypa = 91.94 kN

For a combination of tension and shear, the following equation should be checked (European
Committee for Standardizarion (CEN), 2009):

5-3

F. F.
v,Ed t,Ed < 1.0
Fyra 1.4F raq
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5 Preliminary Analysis

5.1.2 Capacity of Support for Quasi-Static Test

The capacity for the support that will be used in the quasi-static test (section 4.2) was simplified
by assuming the section is in class 1, and thus it is possible to calculate the plastic moment

capacity using the equation (European Committee for Standardizarion (CEN), 2008):

Wo * £, 5-4

MO

My ra =

For the complete calculation of the moment capacity, see appendix B.1. The plastic section
modulus was found to be: W,; = 972515 mm?, and thus the plastic moment capacity could be

calculated:
My ra = 328.8 kNm
This moment capacity gives a maximum force applied to the rig:

Frq = 1400 kN

5.2 Deformable Rig Model

After the final revision on the plate and the rig was determined (revision 5 in section 4.4.5),
simulations were performed in Abaqus/Explicit, in order to decide how to approach the
laboratory experiment and for improvements of the numerical model. First, the material
implementation was changed from the introductory revision to a material card from SIMLab

Metal Model provided by Postdoc David Morin, see appendix E.1. In addition a transverse
shear stiffness was calculated and implemented, K;; = K,, = ZGt = 89743 N/mmand K,, =

0, see section 3.2. Some key values from the material card are presented in Table 5-1 where the
material is described by the Voce rule with one term. Second, the RHS beam profiles and the
L-profiles in the rig were remodeled as deformable shell parts, and the bolts were implemented
as beam elements with circular profile to make the model more realistic. The indenter where
kept as a discrete rigid part. An additional RHS beam profile was added under the RHS beam
profiles with cutouts to strengthen the rig. The numerical deformable-rig model which consist
of a quarter of the rig and plate and indenter is shown in Figure 5-1. In this model, unlike in the
rigid model used in the introductory model, the support legs were implemented in the numerical
model. The RHS beam profiles and the L-profiles were assumed to have the material properties

of S355 steel, and the bolts to have the material properties of a 12.9 bolt. The material
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5.2 Deformable Rig Model

characteristics for the steel and the bolts are shown in Table 5-2, and both materials were
modeled as perfectly plastic.

Table 5-1 Key values from the material card , names in brackets correspond to names in material card
(see appendix E.1)

Young’s Poisson’s gy (o QR D, W,
modulus (E) ratio (PR) (SIGMADOD) (THETARL) (QR1) (DCRIT) (BIGS0)
GPa MPa
[ ] [ ] [Mpa] [MPa]
70.0 0.3 310.2 1524.23 62.7 1.0 279.2

Table 5-2: Material characteristics of S355 steel (Larsen et al., 1993) and 12.9 steel bolt (Tingstad,
2015)

Density Young’s modulus Poisson’s Yield stress

[kg/m?] [MPa] ratio [MPa]
S355 Steel 7.8 210000 0.3 355
12.9 Steel 7.8 210000 0.3 1080

bolt

Figure 5-1: Abaqus model — one quarter of plate and rig
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The Cockcroft-Latham parameter W, and the critical damage factor D, (section 2.6.2) is
defined in the material card (Table 5-1). The damage factor is calculated in each of the five
integrations point trough the thickness, and an element is removed when the damage factor is
equal to one in all the integration points. If an integration point on one side reaches one, the
next integration point trough the thickness will reach one soon after. The integration point with
the highest damage factor is therefore a good indication on how close the simulation is to
fracture. The accuracy of the exact time step where the element should be removed depends on
the output frequency. It has therefore been decided to define fracture for the Cockcroft-Latham
criterion, as the interval between the time step when one element is removed and the time step
right before. The interval where fracture occurs is marked with a thicker line in the force-
displacement curves.

In Figure 5-2 the force-displacement curves for a dynamic simulation of the rigid-rig model,
used for Revision 5 (section 4.4.5), and the deformable-rig model are compared. Both are run
with the material card. In the deformable-rig model, fracture is first initiated in the plate and
then in the stiffeners while in the rigid-rig model fracture occurs in the same time-step for both
the plate and the stiffeners. The maximum force is 11 % lower in the deformable-rig model

compared to the rigid-rig model in a dynamic analysis with initial velocity 5m/s.

300 ¢

Deformable-Rig Model 5 m/s
Rigid-Rig Model 5 m/s

250

200

150

Force [kN]
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0 !
0 20 40 60 80 100 120 140
Displacement [mm]

Figure 5-2: Dynamic simulation of rigid-rig model versus deformable-rig model
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5.2 Deformable Rig Model

5.2.1 Quasi-Static Analysis

Since the laboratory experiment will include both dynamic and quasi-static tests, quasi-static
nonlinear numerical analyses were performed in Abaqus/Explicit. In the quasi-static analysis,
the mass was removed from the indenter and the velocity was set to be constant 0.5 m/s. The
quasi-static analysis was used to determine the velocity of the indenter to initiate fracture. These
calculations gave a velocity of 4.6 m/s, but to ensure fracture, the simulations were run with
5m/s. Figure 5-3 shows the force-displacement curve for the dynamic analysis versus the quasi-
static analysis. This shows that there is not much difference between the dynamic and the quasi-

static results.

When running quasi-static analyses in Abaqus, it is important that the kinetic energy is
negligible compared to the internal energy. Figure 5-4 shows the energy balance for the quasi-
static analysis. As mentioned in section 3.4.2, the external work should be equal to the internal
energy and the kinetic energy should be negligible. In Figure 5-4 it is clear that the energy

history for the simulated model is as desired for the quasi-static analysis.
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250

200

150

Force [kN]

100

50

0 20 40 60 80 100 120 140
Displacement [mm]

Figure 5-3: Dynamic versus quasi-static analysis for the deformable-rig model
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—*— External Work
6 —+— Internal Energy
Kinetic Energy
—&— Total Energy
Frictional Dissipation
—— Viscous Dissipation

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time in numerical analysis

Figure 5-4: Energy history in quasi-static analysis for the deformable-rig model

5.2.2 Indenter Shapes

Two different indenters, one cylindrical and one spherical, were implemented in
Abaqus/Explicit to investigate the impact on the structural behaviour of the aluminium plate.
For the cylindrical indenter, the effects of the direction relative to the stiffeners was studied, if
it should hit the plate longitudinal or transverse to the stiffeners. These simulations were used

to determine which shapes are interesting to consider in the laboratory experiment.
5.2.2.1 Cylindrical Indenter

The indenter shape which was first used in the numerical analyses is shown in Figure 5-5. This

is the same indenter shape which was used in the introductory model.

Figure 5-5: Indenter 1, quarter of the cylindrical indenter

After some numerical analyses were run with fracture, a trend with a localized deformation at
the sharp edge of the cylindrical indenter was noticed. It was therefore attempted to implement
a cylindrical indenter with rounded edges to avoid this localization of the fracture. The quarter
of the indenter shape is shown below in Figure 5-6.

66



5.2 Deformable Rig Model

Figure 5-6: Indenter 2, quarter of the cylindrical indenter with rounded edges

In Figure 5-7 the equivalent plastic strain just before fracture (PEEQ in Abaqus) is shown for
indenter 1 and indenter 2, respectively. For both indenter shapes, fracture occurs first in the
plate and shortly after in the stiffeners. From the figure, it can be seen that there are higher
strains around the edge of the indenter for the indenter with the sharp edges (a) than the indenter
with rounded edges (b). For the cylindrical indenter with sharp edges , the PEEQ right before
fracture is 0.68, and for the cylindrical indenter with rounded edges, the PEEQ right before
fracture is 0.67. This is very close to the PEEQ used to define fracture in the introductory model.

On the background of this, it was decided to proceed with indenter 2.
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sSDvl
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+2.223e-01
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+1.111e-01
+5.557e-02
+0.000e+00

b)
Figure 5-7: a) Equivalent plastic strain with indenter 1 and b) indenter 2.

The cylindrical indenter with rounded edges (indenter 2) was analysed in two directions,
longitudinal and transversal to the stiffeners. The simulations were first run with 5 m/s, but this
did not result in fracture when the indenter was placed longitudinal to the stiffeners. Therefore,
a quasi-static analysis was run, and a velocity of 5.5 m/s was found to be necessary to ensure
fracture. With the indenter longitudinal to the stiffeners fracture will occur in the plate, and the
stiffeners are almost unaffected, while when the indenter is placed transverse to the stiffeners,
the fracture occurs in the stiffeners right after it occurs in the plate. In Figure 5-8 the force-
displacement of the two directions are compared, and it shows a higher force at fracture for the
longitudinally placed indenter than the transversally placed indenter. On background of these
observations, it was decided to do tests in both directions to be able to investigate the different
fracture modes and why the plate requires a higher force in the longitudinal than the transverse

direction.
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Figure 5-8: Indenter 2 in transversal and longitudinal direction

5.2.2.2 Spherical Indenter

A third indenter was explored, a sphere with diameter 100 mm. A quarter of indenter 3 was

implemented in Abaqus/Explicit shown in Figure 5-9. Figure 5-10 shows the equivalent plastic

strain right before fracture for the spherical indenter (indenter 3), and it is clear from this that

the indenter provoked a localized deformation around the impact area, with no effect on the

stiffeners. Figure 5-10 also shows how indenter 3 with the same velocity (5m/s) as indenter 2

went right through the plate. A part of the plate was ripped off where the displacement is

measured, therefore the curve was cut off at fracture (marked with a red star) in the force-

displacement curve, see Figure 5-11.

o

/

Figure 5-9: Indenter 3 - 100mm
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a) b)

Figure 5-10: Equivalent plastic strain indenter 3 — spherical indenter 100 mm. Last frame before
fracture (a) and after fracture (b)
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Figure 5-11: Cylindrical indenter with rounded edges (indenter 2) and Spherical indenter (indenter 3)

From these simulations, it was decided that it would be most interesting to use the cylindrical
indenter with rounded edges in the laboratory experiments, not the spherical indenter. This is
also supported by Liu et al. (2015) statement that the critical deflection and energy increase
with the indenter width due to a decreased stress concentration with a wider contact area and

thus a delayed crack initiation, see section 1.3 (Liu et al., 2015).

5.2.3 Mesh size on plate

The effect of the mesh size on the plate has been investigated. Simulations were run with
indenter 2 transversal to the stiffeners with mesh size equal to the thickness, 1.5, 2, 3 and 5
times the thickness on the entire plate. From the plots in Figure 5-12, it is clear that the mesh
size on the plate has a large impact on the results, fracture only occurs for the mesh size equal
to the thickness. The force-displacement plots are very similar at the same velocity, but the
damage factor is significantly lower for larger meshes. This implies that a larger mesh needs a

higher velocity, and thus a higher applied force to initiate fracture. It is therefore reasonable to
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5.2 Deformable Rig Model

assume that a mesh size equal to the thickness is the best choice. Table 5-3 shows the

computational time for each mesh size.
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Figure 5-12: Effect of mesh size on plate on a) force-displacement and on b) damage factor

Table 5-3: Computational time for different mesh sizes

Mesh on plate Computational time
Equal to thickness 3h 54 min
1.5 times the thickness 1h 10 min
2 times the thickness 40 min
3 times the thickness 13 min
5 times the thickness 6 min

There is a noticeable difference between the different mesh sizes, so it is desirable to look at
the effect of dividing the plate into different regions with different meshes. To investigate the
possibility of reducing the computational time, the mesh size was increased in parts of the plate.
Mesh size equal to the thickness was kept in the impact area, and mesh size 5 times the thickness
around the supports, this gave a computational time of 1h 12 min. The analysis did not initiate
fracture in the stiffener, and gave a lower displacement than the analysis with mesh size equal
to the thickness over the whole plate. Based on this, it was decided to continue to use a mesh

size equal to the thickness on the entire plate.
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5.2.4 Friction Coefficient between Support and Plate

The introductory analyses were run with a frictionless contact formulation between the plate
and the support area on the rig. This is not realistic, and thus a parameter study with different
friction coefficients was conducted. Force-displacement curves for the deformable-rig model
with the different friction coefficient are displayed in Figure 5-13. The friction coefficient
between teflon and aluminium was found to be approximately 0.18 (Blau, 1992) so friction

coefficients around this value was checked.
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Figure 5-13: Effect of friction coefficient between teflon and plate

From the plot shown it is clear that the friction factor has a large impact on the maximum force,
and when the fracture occurs. A higher friction factor between the teflon and the plate will fail

at a higher force, but a lower displacement.

5.2.5 Friction Coefficient between Indenter and Plate

As mentioned in section 4.1 the friction coefficient between steel and aluminium was found to
be 0.61. In the laboratory experiment, a spray will be used to lower the friction between the
indenter and the plate (see section 7.1.1), so a parameter study was conducted to study the effect

of the friction coefficient between the indenter and the plate, see Figure 5-14.
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Figure 5-14: Effect of friction coefficient between indenter and plate

As seen from the plot shown above, the friction coefficient between the indenter and the plate
has little to no effect on the force-displacement plot of the plate. It does, however, have an effect
on whether or not fracture is initiated. With friction coefficient 0.1 fracture does not occur, and

with friction coefficient 1, fracture occurs earlier than with friction coefficient 0.61.

5.2.6 Control of Forces in Rig

The deformations in the deformable-rig where check. In the simulation in the previous sections,
only negligible elastic deformations of the rig was detected due to the impact load. When
controlling the forces in the bolt, it is important that the forces do not exceed the nominal
capacity calculated in section 5.1.1. The forces in the bolts were taken from the simulation with

indenter 2 transversal to the stiffeners, then compare with the capacities found in section 5.1.1

Fizq = 99.97 kN
F,pa = 0.39 kN

Since the tension force is much higher than the shear force in the bolt, the shear force is

neglected. The tension force is compared to the capacity in tension:
Fipa = 137.9 kN > F.5q = 99.97 kN

The applied tension force in the bolt is lower than the capacity, therefore are the bolts assumed
to work well for the experimental test with the indenter placed transversally to the stiffeners.
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In the quasi-static test, both the bolt and the quasi-static support had to be checked. The tension
force in the bolt is approximately the same as for the dynamic test, F; p; = 101.04 kN, which
is lower than the capacity. The shear force is very low, F,, z; = 0.53 kN, so it is neglected here
as well. The maximum force applied to the rig by indenter 2 transversal to the stiffeners, is
Frax,ea = 285.31 kN, which is much lower than the capacity for the maximum applied force,

Frq = 1400kN.

5.3 Revision of Preliminary Model

There was done some small revisions to the preliminary model after performing the parameter
study. After the study on the indenter shapes, it was decided to use the cylindrical indenter with
rounded edges ( indenter 2). The study on mesh size on the plate showed that the initial model
with mesh size equal to the thickness should be used to get the most accurate solution for the
Cockcroft-Latham fracture criterion. The friction coefficient between the plate and the support
(teflon) was decided to change from frictionless to a friction of 0.2, since the frictionless

assumption is very unlikely to be achieved in real life.

The friction coefficient between the indenter and the plate was decided to be keep at 0.61. The
parameter study showed that the friction between the indenter and the plate had an impact on
whether or not fracture occurred in the plate, since fracture occurred earlier for a higher friction
coefficient and not at all for a lower one. Due to uncertainties, the friction coefficient between
the indenter and the plate was decided to keep at 0.61.
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6 Tensile Tests

This section looks into the tensile tests that were conducted to investigate the material properties
of aluminium alloy, AA6082-T6. Tensile tests where preformed in three different directions in
relation to the extrusion direction, and in the stiffeners and over the weld. The chemical
composition and the material properties displayed in Table 6-1 and Table 6-2, respectively,
were provided by Sapa. The technical data sheet provided by Sapa is shown in appendix C.1.
The yield stress differ considerably from the one used in the preliminary model (Table 5-1),

and will most likely affect the simulations when implemented.

Table 6-1: Chemical composition according to EN-573-3:1994

Si Fe Cu Mn Mg Cr Zn Ti Others

Min [%] ‘0.70 040 0.60 0.05

Max [%] ‘ 130 050 010 100 120 025 020 0.10 0.15

Table 6-2: Material properties according to EN 755-2:2008

002 [MPa] o, [MPa] Vickers Typical Value

250 290 111

6.1 Uniaxial Tensile test

The tensions tests were run in an Instron hydraulic machine with capacity 250 kN, which was
connected to a computer, see Figure 6-1 a). The computer logs the force and the displacement
of the crosshead ten times per second (10 Hz) during the test. An extensometer which logs the
tensile extension of the specimen (at 10 Hz) was attached to the specimens during the test, see
Figure 6-1 b). In addition to this, a camera took one picture per second which is intended for
use in digital image correlation (DIC). For this purpose, the specimens were painted white and

given a black speckle pattern.
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a) b)

Figure 6-1: a) uniaxial tensile test setup in Instron hydraulic machine and b) specimen with
extensometer

6.1.1 Test geometry

Two different types of tensile specimens were used in the uniaxial tensile test, U110 and U200,
the geometry of both is shown in Figure 6-2. To account for any inaccuracies in geometry, each
specimen was measured using a micrometer. The red lines on the test specimens in Figure 6-2
show where the thickness and width was measured. This way the accurate cross sectional area
was found and used to calculate the stress-strain relationship. The accurate measurements for

all the tensile specimens are shown in appendix D.1.
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Figure 6-2: Tensile test specimens. a) UT200 and b) UT110

Tests were performed in three directions to determine any anisotropy in the base material (top
flange of the profiles); 0°,45° and 90° relative to the extrusion direction. In addition, tests were
performed on the material in the stiffeners. The specimens were cut out from the web, since the
flanges are very slim. Three tests were run in each direction and in the stiffeners with a loading
rate of 1.35 mm/min. To investigate the effect of the friction stir weld (FSW), three tests were
performed on the friction stir weld with a loading rate of 2.1 mm/min. Figure 6-3 shows where
the specimens were cut out from the plate, UT110 in the base material and in the web, and
UT200 over the weld. UT200 needed a reduced length to fit between the stiffeners. The gauge
length, Ly, is important in the calculations to find the stress-strain relationship and is defined as
the uniform part of the specimen, see Figure 6-2. When an extensometer is used, the length of

the extensometer is used as L, here 35mm for UT110 and 57.5mm for UT200.
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Figure 6-3: Test specimens on the plate. Base material in three directions (red UT110), stiffener
material (blue UT110) and FSW (green UT200)

6.2 Experimental Results

The tensile tests were performed in three different directions in the top flange, and in the web
of the stiffeners and over the weld, with three specimens for each area. To extract the force and
displacement from the tests, both an extensometer and DIC was used. Figure 6-4 shows the
engineering stress-strain curves for all the specimens in each direction, for the web in the
stiffeners (WEB) and the friction stir weld (FSW). All the stress-strain curves shown here were

found using the measurements from the extensometer.
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Figure 6-4: Engineering stress-strain curves for specimens in all directions, for WEB and for FSW. a)
in 0°, b) in 45°, ¢) in 90°, d) in the web of the stiffener and d) FSW in 90°
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In the base material and the stiffeners, a low degree of hardening was noticed. This is as
expected for this aluminium alloy with temper T6, AA6082-T6. There is a noticeable deviation
of the sample WEBOQO-3 compared to the other samples in the web of the stiffener. This
deviation could be explained by that the material samples were extracted from different
stiffeners. One representative specimen was chosen in each direction and Figure 6-5 shows the

true and engineering stress-strain curves for the representative specimens.
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Figure 6-5: Engineering and true stress-strain curves for representative samples. a) and b) True and
engineering stress-strain curve for representative samples in base material, ¢) and d) true and
engineering stress-strain curve for representative sample in web of stiffener and FSW compared to
base material,

From Figure 6-5 a) and b) it is clear that Young’s modulus is approximately equal in all the
directions relative to the extrusion direction. The yield stress differed in all directions, with
90% for the 45 direction and 107% for the 90° direction relative to the yield stress in the

extrusion direction. From the engineering stress-strain curves in Figure 6-5, the specimens in
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the 45° direction seem to be more ductile than the 0° and the 90° direction. The data from the
DIC measurements were used to study the strains in the specimens as they reached necking.
Figure 6-6 shows the principal strains in the representative specimens in the elastic area, before
necking and after necking. From these DIC principal strain field maps, it is also clear that the
45" direction specimen is more ductile than the 0" and the 90° direction, as it has more

developed necking before fracture.

Figure 6-6: Principal strain field maps in all directions of base material a) 0°, b) 45" and c) 90°
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c)

Figure 6-7: Fracture in representative samples a) 0°, b) 45° and c) 90°

Figure 6-7 shows the fracture in the representative samples from the tensile test. When studying
the fracture surface, it is noticed that direction 0° and 90° has a clear shear fracture surface,
while the 45° resembles more a cup and cone fracture surface (see section 2.6.1.1). This is also

an indication that the 45° sample is more ductile than the other two samples.
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6.2.1 Flow stress ratio and R-ratio

The specific plastic work W, and the flow stress ratio 7, (2.1.1) has been computed for
representative tests in each direction, shown in Figure 6-8a) and b), respectively. The average
values of the flow stress ratio for the representative test is given in Table 6-3. From this, it is
clear that the material is slightly more anisotropic in the 45° direction than expected from the
results of Chen et al. (2009) (Table 2-1) and Wang (2006) (Table 2-2).
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Figure 6-8: Representative results for a) the specific plastic work and b) the flow stress ratio

Table 6-3: Flow stress ratio for representative test

Tro T45 T9o

1.0 0.8896 1.0319

DIC was used to calculate the R-ratio in the three directions. Vector elongation in the length
and width direction was used to calculate %, and 7, which resulted in the R-values shown in
Figure 6-9. As mentioned in section 2.1.1.1, the material is said to exhibit isotropic flow

properties when R, = 1. This implies that the base material is not isotropic, see Table 6-4.
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Sample 00-1
Sample 45-3
Sample 90-1

0 0.01 002 003 004 005 006 0.07

Figure 6-9: R-ratio for material samples in all direction

Table 6-4: R-ratio for material samples

Direction 0 45° 90°

R, 0.4185 1.5362 0.9815

The R-ratio was also calculated for the material sample taken from the web in the stiffener.
There, the R-ratio was calculated to be Ry g, = 0.4736, which is in the same range of

anisotropy as the base material in the extrusion direction.

6.3 ldentification of Material Parameters

The representative material sample in the extrusion direction gave the material parameters
shown in Table 6-5. This shows that the material in the representative samples of the base
material in the top flange, and the stiffener material has a lower Young’s Modulus, higher yield
stress and higher ultimate stress than the expected values provided by Sapa (Table 6-2). There
is also a noticeable difference for the parameters in the stiffeners and the FSW as they exhibit

lower Young’s modulus, yield stress and ultimate stress than the base material in the top flange.
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Table 6-5: Material parameters for representative samples of the base material (00-2), the web of the
stiffeners (WEBQO-2) and of the FSW (FSW90-2).

Young’s Modulus Yield stress Ultimate stress

E [MPa] g, [MPa] o, [MPa]
Base material 66000 271.50 347.32
Stiffener material 63000 238.70 311.69
FSW 60000 150.00 256.19

6.3.1 Numerical Modeling of Tensile Test

The UT110 tensile test specimens were implemented as one solid part into Abaqus/Implicit,
with the bolt, which is used to apply the force, as a discrete rigid part. To save computational
time, only one eight of the UT110 was modelled with symmetry axes in all directions, see
Figure 6-10.

e
,;;

W I I |

Figure 6-10: Abaqus/Implicit model of UT110 tensile specimen

The model was meshed with five elements in the thickness and smaller elements around the
middle of the specimen, as the fracture is intended to occur there. The engineering strain was
found by measuring the displacement of a node (marked yellow) with corresponding placement
to the extensometer in the tensile test and dividing this by half the length of the extensometer.
To calculate the engineering stress, the applied force in the reference point of the discrete rigid
bolt (red RP marked in Figure 6-10) was measured and divided by an eight of the cross-sectional
area. The engineering stress-strain curve from the simulation was then compared to the curve

from the experiment to find the corresponding strain at fracture. The equivalent plastic strain
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and the maximum principal stress was taken from the most exposed element, the element that
is located in the middle of the cross-section, marked with red in Figure 6-10 on the far left.

The following section, on modelling of the FSW material test, was made with direct assistance
from Postdoc. David Morin at SIMLab, NTNU. The UT200 tensile test specimen that was used
in the material test of the FSW was implemented in Abaqus/Implicit as a shell element model.
To save computational time, only one quarter of the UT200 was modelled with two symmetry

planes (Figure 6-11).

Figure 6-11: Abaqus/Implicit shell model of UT200 tensile specimen

The FSW is represented by a zone of 20 mm (yellow area in Figure 6-11), which is slightly
larger than the dimension of the FSW on the specimen, but it is assumed that the HAZ extends
beyond the visible weld (section 2.2). The mesh size is equal to half the width of the specimen,
6.25 mm. The engineering strain was found in the same way as for UT110, by the displacement
in the node marked green in Figure 6-11. To calculate the engineering stress, the applied force
in the red nodes on the left side was summed and divided by a quarter of the cross-sectional
area. The equivalent plastic strain and the maximum principal stress was taken from the most

exposed element, the element located in the far right of Figure 6-11.

6.3.2 Base Material

To be able to implement the material into the Abaqus/Explicit model of the plate, several
material factors had to be identified. First, a curve-fitting tool in Matlab was used to fit the
power law and the Voce rule to the plastic region of the true stress-strain curve for the
representative samples 00-2 and WEBOO-2, by the theory in section 2.4.3. To fit the power law
curve, the formulation given in equations 2-52 and 2-53 were used. This formulation of the
power law was decided to use for the Cockcroft-Latham fracture criterion as well to reduce the
amount of parameters used. The parameters from Voce rule was optimized by comparing the
engineering stress-strain curve from the experiment and the analysis in Abagus/Implicit and
changing the parameters, the direct calibrated curve versus the optimized curve is shown in
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6.3 ldentification of Material Parameters

Figure 6-13. The test specimens for the stiffeners was cut out from the web, but it is assumed
that they represent the material in the entire stiffener.

Table 6-6: Power law parameters for sample 00-2 and WEBOQO-2

0o [MPa] K [MPal] n
Base material 271.5 439.7 0.09129
Stiffener material 238.7 421.6 0.08584
350 350

Engineering Stress [MPa]
Engineering Stress [MPa]

Sample WEB00-2
Power Law for stiffener

0 ! 0 !
0 0.02 004 006 008 0.1 012 0.14 0 0.02 004 006 008 0.1 012 0.14

Sample 00-2 50
Power Law for plate

Engineering Strain Engineering Strain
a) b)

Figure 6-12: The power law versus the engineering stress strain curve for a) the base material and b)
the stiffener material

Table 6-7: Voce rule parameters for sample 00-2 and WEBQO-2

09 [MPa] Qg [MPa] Cgy Qg2 [MPa] Cr2

Base material
Direct calibration 2715 17.78 2058 77.69 19.43

Optimized values 271.5 17.78 2058 90.00 15.00

Stiffener material
Direct calibration 238.7 36.65 1727 76.25 2252

Optimized values 238.7 36.65 1727 86.00 17.00

87



6 Tensile Tests

300 F

— — 25
250 720
2, 2
2 % 200
-z 2150
-8 |
g .2 100
50 S0
5 g
= Sample 00-2 = Sample WEB00-2

50 — Direct calibrated Voce Rule for BM 50 Direct calibrated Voce Rule for SM

Optimized Voce Rule for BM Optimized Voce Rule for SM
0 : 0 .
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12
Engineering Strain Engineering Strain
a) b)

Figure 6-13: Direct calibration versus optimized Voce rule for a) base material (BM) and b) for
stiffener material (SM)

The power law and Voce rule parameters will be used when implementing the Cockcroft-
Latham fracture criterion into Abaqus/Explicit. To find the Cockcroft-Latham parameter, W,
the plastic work under the equivalent plastic strain and the maximum principal stress curve for
the most exposed element was calculated. The Cockcroft-Latham parameter for the power law
and Voce rule is shown in Table 6-8. The power law parameters will also be used when

implementing the BWH instability criterion into Abaqus/Explicit.

Table 6-8: Cockcroft-Latham parameter for power law and Voce rule

power law, W, Voce rule, W,
[MPa] [MPa]
Base material 117.6938 107.12
Stiffener material 101.3674 94.95

6.3.3 Friction Stir Welds

The following section was produced with direct assistance from Postdoc. David Morin at
SIMLab, NTNU. The material parameter for the friction stir welds were found in the same
manner as for the base materiel. The direct calibrated power law parameters in Table 6-9 are in
compliance with equation 2-52 and 2-53. Figure 6-14 shows the difference in the engineering
stress-strain curve for the direct calibrated power law and the optimized power law.
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Table 6-9: power law parameters for sample FSW00-2

g K n W,
Direct calibration 150 300 0.10 -
Optimized values 150 420 0.18 34.49

250 +

-

150

100

Engineering Stress [MPa]

Sample FSW90-2
Direct calibrated Power Law
Optimized Power Law

50

0 0.01 0.02 0.03 0.04
Engineering Strain

Figure 6-14: Direct calibrated power law compared to the optimized power law

6.4 Discussion and Revision of Preliminary Model

The preliminary model was revised after performing the material tests by making material cards
for the Cockcroft-Latham fracture criterion with both the power law and Voce rule, and the
BWH instability criterion with the power law. A Poisson ratio of 0.33 was used in all material
cards. These material cards will be implemented in Abaqus/Explicit and the model will be run
with the SIMLab Metal Model. The material cards are shown in appendix E.2-E.4.

In the material tests, a more ductile behaviour was detected in the 45° direction than the 0” and
90° direction. A similar behaviour was found for the alloy AA7075-T651 in Fourmeau et al.’s
(2013) study on anisotropic failure modes of high-strength aluminium under various stress
states. In the article they detected that for this alloy, the 45° exhibits larger strains than the 0°
and 90° directions, and for larger strains the fracture mode changed from shear fracture in 0°

and 90° to cup and cone fracture in 45° (Fourmeau et al., 2013).

89
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The material in the web of the stiffeners were also tested. The material was taken from different
stiffeners and showed both higher and lower yield and ultimate strength than the base material
in the top flange, see Figure 6-15. Since there is an uncertainty of the material properties in the
web of the stiffeners, it was decided to consider the most conservative option, i.e. the weakest
stiffener (WEBOO-2).

=250

Enginecring Stress [MP:

Sample WEB0O-1 Sample WEB00-1
Sample WEB0(-2 Sample WEB00-2
Sample WEB00-3 Sample WEB00-3
Sample 00-2 Sample 00-2

0 s 0 '

0 0.02 004 006 008 01 012 0.14 0 001 002 003 004 005 006 007
Engineering Strain Logarithmic Strain
a) b)

Figure 6-15: Stiffener material compared with base material. a) Engineering stress-strain curves and
b) true stress-strain curves

There may be several reasons for the differences in material properties between the material in
the top flange and in the stiffeners. The degree of recrystallization might be different for the top
flange and the stiffener, so the top flange will most likely have a coarser structure than the
stiffeners and it is more likely to have a more fibrous structure. The degree of cooling in the top
flange and the stiffener is also different, as the cooling in the stiffener is worse than the top
flange, since it is difficult to achieve direct cooling water spray on the web.

Since the flange of the stiffener is very slim the material tests were only taken from the web,
and it was assumed that the flange exhibited the same material properties as the web of the
stiffener. In Hildrum’s (2002) Dr. Ing. thesis, she performed material tests both in the web and
in the flange of the stiffeners and found lower values for g, , and g, in the flange than in the
web (Hildrum, 2002). Since Hildrum tested the same aluminium alloy with the same temper as
in this master thesis, it is reason to believe that the assumption that the flange exhibits the same
material properties as the web is inaccurate and can affect the accuracy of the numerical
simulations. In section 8.1 the difference in numerical results of using the same material for the

whole plate and a separate material in the stiffeners will be discussed.
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6.4 Discussion and Revision of Preliminary Model

In the numerical simulation of the tensile test specimen UT200 over the weld, there was no
plastic strain in the base material, see Figure 6-16. This indicates that the power law which was
optimized for the FSW is independent of the base material. When running numerical analyses
of the plate it is important to check that the plastic strain is not higher than approximately ? =

0.04 , since the power law is not approximate after necking (Figure 6-14)

PEEQ

SMEG, (fraction = -1.0)

{Awvg: 75%)
+4.256e-01
+3.902e-01
+3.547e-01
+3.192e-01
+2.8358e-01
+2.483e-01
+2,128e-01
+1.774e-01
+1.419e-01
+1.064e-01
+7.094e-02
+3.547e-02
+0.000e+400

Figure 6-16: Equivalent plastic strain (PEEQ) in the numerical simulation of the UT200 specimen
over the weld.

A stronger anisotropy than expected was detected for the aluminium alloy AA6082-T6. The
yield stresses differed in all the directions relative to the extrusion direction. With a R-ratio of
R, = 0.4185 in the extrusion direction and flow stress ratios varying from r,s = 0.8896 to
190 = 1.0319. This gives reason to believe that an isotropic assumption with a von Mises yield
criterion will give numerical results which deviates from the experimental results. It could
therefore be interesting to look at the Hershey yield criterion, which resembles an anisotropic
yield criterion. The Hershey criterion gives a yield surface which lies in-between the Tresca
and von Mises yield surfaces (described in section 2.4.2.1), and is given by equation 6-1. The
curvature of the yield surface is determined by m > 1, and since aluminium is a face-centered
cubic (see section 2.1), m = 8 (Hopperstad and Barvik, 2013). In section 8.1, the Hershey
criterion will be implemented with the Cockcroft-Latham fracture criterion in Abaqus/Explicit
and compared to the von Mises yield criterion with the same fracture criterion.

1

1 m 6-1
f(01,0,5,03) = E(|U1 — 0|+ oy — 03|+ |los —01|™)| —oy =0
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6.4 Discussion and Revision of Preliminary Model

7 Component Tests

Sapa delivered eight aluminium plates of alloy AA6082 and temper T6. A stiffener and a
friction stir weld are displayed in Figure 7-1. In the component test, two different types of tests
were performed: Quasi-static and dynamic. In both tests, the indenter which was chosen in
section 5.2.2 have been used, the real indenter and the simulated indenter are displayed in Figure
7-2. In this section, the results from both tests will be presented. Out of the eight plates, it was

decided to do four quasi-static tests and four dynamic tests, with the indenter in both directions.

a) b)

Figure 7-1: Plates delivered by Sapa . a) stiffener and b) friction stir weld where the “lips” are milled
away.

a) b)

Figure 7-2: Cylindrical indenter with rounded edges. a) indenter shape in experiments and b) indenter
shape in Abaqus
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7.1 Quasi-Static Test

In the quasi-static test, the rig that has been designed was placed on the support shown in section
4.2. The geometry of both the plate and the rig is shown in section 4.4.5. The whole set-up is
shown in Figure 7-3, with the quasi-static support, the rig with the plate, and the machine and
indenter. The force was applied gradually, with a velocity of 10 mm/min, and was stopped right
after fracture occurred in the plate. To record the deformation of the plate relative to the rig, a
laser was attached to the side of the rig. The laser measures the relative distance up to the slender
plank which is visible in Figure 7-3. Two cameras which took one picture per second were
placed under the rig. The setup of the plate in rig is shown in Figure 7-4. The plate is placed in
the bottom part of the rig before the L-profiles are placed under the plate, and teflon plates over
and under the aluminium plate. The last step is to place the top part of the rig and fasten the
bolts. After encouragement by postdoctoral Gaute Gruben, the indenter was sprayed with

UNIMOLY C 220 spray to lower the friction between the indenter and the plate.

Figure 7-3: Set-up for quasi-static test
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7.1 Quasi-Static Test

Figure 7-4: Setup of the plate in the rig

7.1.1 Experimental Results

Two tests were performed with the transversally placed indenter. Here, one laser was used to
measure the displacement of the plate. A small angle was detected in the indenter during last
test. Therefore, it was decided to place one more laser on the opposite side of the rig for the
remaining tests. The force-displacement plots logged for the transversally placed indenter are
shown in Figure 7-5, where QSTEL and QSTE2 (Quasi-Static Transversal Experiment) are the
two specimens in the transversal test. There is good correlation between the two specimens for

the transversally placed indenter.

150

— 100
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Figure 7-5: Experimental results for the quasi-static test of transversally placed indenter

Fracture occurred first in the flanges of the stiffeners in both QSTE1l and QSTEZ2, at
approximately the same displacement. Shortly after, fracture occurred in the web of the
stiffeners and then in the top flange. Unfortunately, the cameras were only able to capture under
one end of the indenter, and in both cases fracture first occurred where the cameras where not
pointing. Photos of the fracture in QSTEL and QSTE?2 are displayed in Figure 7-6. In QSTE1
(a) fracture only occurred at the ends of the indenter in the plate, while in QSTE2 (b), which
was run longer than QSTEL, fracture developed under the whole length of the indenter. In both
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plates the fracture propagated away from the welds towards the stiffener. The material in the
weld is significantly weaker than the base material, see section 6.2.1, but it is reason to believe
that the “lips” makes the area outside the welds stronger so the fracture does not spread towards

the welds. In both tests, a plastic deformation of the FSW was noticed.

a) b)
Figure 7-6: Fracture in @) QSTEL and b) QSTE2.

The flanges in the stiffeners experienced a tensile fracture due to beam bending (Figure 7-6 b)
with a visible necking area (Figure 7-7 a). In addition, a “cup and cone” effect appeared in the
stiffeners, see Figure 7-7d) (section 2.6.1.1). Due to membrane stresses, shear fracture with
inclined fracture planes occurred in the plates, shown in Figure 7-7b) and Figure 7-7¢). This
may be explained by a through thickness shear instability before fracture. As mentioned, the
indenter was somewhat tilted, which lead to facture initiating on one end of the indenter first.
In both experiments, a tendency of local necking was detected around the fracture path, but this

was difficult to capture by a camera.
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c) d)

Figure 7-7 a)-d): Fracture in plate with transversally placed indenter. a) QSTEL: Fracture in
stiffeners. b) QSTEL: Fracture in plate ¢c) QSTE2: Fracture in plate d) QSTE2: Fracture in stiffener.
For the longitudinal placed indenter, two lasers were used to measure the displacement of the
plate to remove a possible effect an angle of the indenter would have. Figure 7-8 shows the
force-displacement plots for the two test specimens with a longitudinal placed indenter, QSLE1
and QSLE2 (Quasi-Static Longitudinal Experiment), where the displacement is an average of
the displacements logged by the two lasers. There is good correlation between the two tests for

the longitudinal placed indenter.
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Figure 7-8: Experimental results for quasi-static test of longitudinal placed indenter

Fracture occurred as a ductile fracture due to membrane forces in the plate for both specimens.
The force is slightly higher in QSLE2 than in QSLEZ1, this could be because the set-up process
might give different boundary conditions for each experiment. The fracture in the two plates
are shown in Figure 7-9. Figure 7-9 a) shows the bottom view of QSLE1 and b) shows the top
view of QSLE2. From the photo of QSLE1 (a) it is clear that the stiffeners were almost
unaffected by the impact, only a modest twisting of the stiffeners away from the impact is
visible. The two photos in Figure 7-10 were taken with one second apart by one of the cameras
during the test. In the left photo (a), only a small crack is visible, and in the right photo (b) full
fracture have occurred under the whole length of the indenter. Figure 7-11 shows a close up of
the fracture of both test specimens. As for the QSTEZ2, shown in Figure 7-7 c), the plate in the
QSLEZ2 experienced shear fracture with inclined fracture planes (Figure 7-11 a). The right photo

(b) shows how the fracture develops with multiple shear planes.
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a) b)

Figure 7-9: a) Fracture in QSLEL from behind and b) top view of fracture on QSLE2

a) b)

Figure 7-10: Fracture in QSLE2. a) right before fracture and b) right after fracture
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a) b)

Figure 7-11: Fracture in @) QSLE2 and b) QSLE1

7.2 Energy Calculations

The external work, i.e. the work done by the applied force, is equal to the area under the force-
displacement curve, as described in 3.4.1. This work is used to find the Kinetic energy (E, =
%mvz) needed in the dynamic test to initiate fracture. The impactor in the dynamic tests consist

of the indenter and the trolley and has a total weight of 1431 kg. The external work is set equal
to the Kinetic energy, and thus the necessary velocity of the impactor in the Kicking machine

(section 4.1.1) can be found:

Table 7-1: Experimental results — external work and velocity in kicking machine

External work [J] Velocity in kicking machine [m/s]
QSTE1 3474.4 2.25
QSTE2 3742.7 2.34
QSLE1 4934.0 2.68
QSLE2 5298.1 2.79
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7.3 Dynamic Test

The dynamic tests were performed in the kicking machine (section 4.1.1) at the Structural
Impact Laboratory at NTNU ,see Figure 7-12 a). The step-by-step setup of the plate and rig in
the kicking machine is shown in Figure 7-13. The plates were first placed in the bottom part of
the rig (Figure 7-13a) before the L-profiles are placed under the plate (Figure 7-13b), and teflon
plates over and under the aluminium plate (Figure 7-13c). Then, the upper part of the rig was
placed on top and fastened to the bottom part with bolts (Figure 7-13d). All the different layers
are visible in Figure 7-13 e), and Figure 7-13 f) shows the bottom view of the plate in the rig.
The whole rig was lifted and placed in the kicking machine (Figure 7-13g), where it is was
bolted and welded to the receiving wall (Figure 7-13h). The force, displacement and velocity
was measured by the load cells in the moving trolley. Two high speed cameras was installed to
capture the impact of the indenter on the plate. From these videos, the velocity and the
displacement of the indenter was calculated, and used to control the measurements by the load
cell. In addition, a small GoPro camera was installed to capture the impact on the plate from
behind. Three aluminum RHS profiles were placed on the receiving wall to absorb the
remaining energy if the indenter passed through the plate, see Figure 7-12 b). The indenter was
mounted on the trolley, displayed in Figure 7-14, and was first adjusted to hit the plate
transversally to the stiffeners, and then turned to hit the plate longitudinally to the stiffeners.

a) b)

Figure 7-12:a) The kicking machine and the receiving wall and b) the receiving wall
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9) h)

Figure 7-13: Step-by-step illustration of mounting the plate and rig in the kicking machine.
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Figure 7-14: Indenter mounted in the transversal direction on the trolley.

7.3.1 Experimental Results

Two tests were performed for each direction of the indenter, starting with the indenter
transversal to the stiffeners. The velocities in the experiment was decided on the basis of the
energy calculations in section 7.2, but the input velocity in the kicking machine was inaccurate
since the velocity of the impactor was at a low range. Figure 7-15 a) shows the force-
displacement plots for the first two experiments, DTE1 and DTE2 (Dynamic Transversal
Experiment). Figure 7-16 shows pictures from the first experiment DTE1, first with maximum
displacement (a) and then the deformed plate after impact (b). This illustrated that there was a
lot of elastic energy in the plate. In DTEL the initial velocity was 2.43 m/s, which resulted in
tensile fracture in the stiffeners and a tiny crack on the bottom side of the plate (Figure 7-16 c),
and as in the quasi-static test, there was visible necking in the stiffeners. It is clear from Figure
7-15 and Figure 7-16 that there was lot of energy that was not absorbed in the plate, which
resulted in a residual velocity of 1.61m/s (Figure 7-15 b). To get fracture in the plate, the initial
velocity would have to be much higher than in DTE1, but then the rig and the trolley could have
been damaged. Therefore, the initial velocity was only increased to 2.61 m/s, which resulted in
approximately the same fracture as in DTEL, except that the crack in the plate was a bit larger

and more necking in the stiffeners was detected for DTE2 (Figure 7-16 d).
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Figure 7-15: Experimental results for DTE1 and DTE2. a) Force-displacement curve and b) velocity-
time

c) d)

Figure 7-16: a) Maximum displacement in DTE1, b) and deformed plate after impact. Necking in the
stiffeners and crack in the plate of ¢c) DTE1 and d) DTE2

For the experiments with the indenter turned longitudinally to the stiffeners, the calculations in
section 7.2 gave a velocity in the rage 2.47-2.67 m/s. With the desire to obtain fracture, it was
decided to use a higher velocity in the first experiment. The force-displacement curves and
velocity-time curves for DLE1 and DLE2 are displayed in Figure 7-17. It is clear from a) that
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there was good correlation between the experiments in regards of maximum force and
displacement at fracture. In both experiments fracture occurred due to membrane stresses in the
plate. In DLE1 (Dynamic Longitudinal Experiment) the initial velocity was 3.48m/s. Figure
7-18 shows maximum displacement in the plate before fracture (a) and during fracture (b) for
DLE1. The indenter went through the plate, so the bolts on the indenter struck the plate, and
the indenter got stuck on the way back (Figure 7-19 a). Figure 7-19 b) shows shear fracture in
the plate with multiple shear planes. In the next experiment, the initial velocity was reduced to
3.06 m/s, and the indenter still went through the plate, but this time it bounced back. The bottom
view of fracture for DLE2 is shown in Figure 7-19 c), where it is clear that the stiffeners was
almost unaffected and as in the quasi-static analysis they only developed a modest twist from
the impact. Shear fracture was developed as displayed in Figure 7-19 d), this picture also shows

a development of petals at the end of the indenter.
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a) b)

Figure 7-17: Experimental results for DTE1 and DTE2. a) Force-displacement curve and b) velocity-
time curve.

Figure 7-18: Fracture in DLE1. a) Picture right before fracture, and b) during fracture.
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C) d)

Figure 7-19: Fractures in plates from dynamic tests. a) Indenter stuck in plate after fracture in DLEL.
b) Shear fracture in DLE1. c) Total fracture from behind and d) shear fracture in DLE2, showing
petals at the end of the indenter..
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7.4 Discussion

In this section the experimental results from the quasi-static and the dynamic tests are discussed
separately and compared. In both the quasi-static and the dynamic tests, in both directions of
the indenter, a plastic deformation of the FSW was noticed. This makes the implementation of

the material properties of a separate material card for the FSW interesting to consider.

7.4.1 Quasi-static

In the test results from the component tests, a higher force vas detected for the longitudinally
placed indenter than for the transversally placed indenter. Figure 7-20 shows a plot where the
results from the two directions are compared, and it is clear that a higher force is needed to
initiate fracture in the longitudinal than the transversal direction. Before any tests or analysis
were performed, this was not expected since the transverse indenter is supported by the stiffener
while the longitudinal indenter mainly is supported by the top flange. One explanation to this
unexpected behaviour is that the plate is not square, so for the transversally placed indenter the

distance to the edge of the plate is longer than for the longitudinally placed indenter.
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Figure 7-20: Quasi-static experiment — transversal versus longitudinally placed indenter

7.4.2 Dynamic

Figure 7-21 shows the force-displacement plots for the results from the quasi-static tests
compared with the dynamic tests for the transverse indenter and the longitudinal indenter. Both
directions of the indenter shows good correlation between the quasi-static tests and the dynamic
tests. For both the transversal and the longitudinal indenter, the results from the two dynamic
tests have a noticeable difference in slope, displacement and force. One explanation is that for
both directions of the indenter, the velocity differed in the two tests that were performed, which

could have an effect on the force-displacement plots. When the plate was placed in the rig and
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the rig was mounted in the kicking machine, many factors could have an influence and in the

end affect the final force-displacement plot of the test. This includes difference in boundary

conditions and difference in friction for the different dynamic tests. In addition, a difference in

inertia forces between the different tests is a possible explanation, as the aluminium plate is

impacted by a moving body.
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Figure 7-21: Quasi-static versus dynamic experimental results with a) transversal indenter and b)

longitudinal indenter

For the transversally indenter, in the dynamic tests, fracture only occurred in the stiffeners,

while in the quasi-static tests, the fracture first occurred in the stiffeners and then in the top

flange. The dynamic tests seem to reach its maximum load and deflection as fracture occurred

in the stiffener in the quasi-static tests. For the longitudinal indenter, the fracture occurred in

the plate for both tests, and fracture seem to occur at the same maximum load and deflection

for both the quasi-static and the dynamic tests. This implies that a quasi-static test could be

sufficient validation for this type of experiment, in both transverse and longitudinal direction,

since the correlation is sufficiently good.
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8.1 Cockcroft-Latham Fracture Criterion

8 Numerical Simulations and Discussion

To investigate the validity of the numerical model, it is compared to the experimental results.
The numerical model with the deformable rig described in section 5.2 was used with the
parameters and material cards described in sections 5.3 and 6.4, respectively. The material cards
for the base material and the stiffeners were implemented in the simulations, while the material
card for the FSW was implemented in selected analyses to investigate the effect it would have
on the results. To compare the numerical analyses with the experiment, the two dynamic tests
with the lowest initial velocity, DTE1 (2.43 m/s) and DLE2 (3.06 m/s), were used. Their
velocities were implemented in the simulations in the transverse and longitudinal directions,
respectively. For the quasi-static tests, the tests which initiated fracture at the lowest force,
QSTE1 and QSLE1 were used to validate the numerical model. Two different criteria to initiate
fracture were implemented in the numerical model; the Cockcroft-Latham fracture criterion and
the Bressan-Williams Hill instability criterion. Both were checked with different mesh sizes to
be able to discuss their use in large-scale analyses for aluminium structures. Since fracture is
defined by when an element is removed in the numerical model, it could be difficult to compare
the failure modes in the analysis and the experiment.

8.1 Cockcroft-Latham Fracture Criterion

The Cockcroft-Latham fracture criterion was combined with both the power law and the Voce
rule before both were implemented into Abaqus/Explicit, then compared to each other and to
the experimental results. The force-displacement plots and a plot showing the damage factor
versus displacement with the power law versus the Voce rule are shown in Figure 8-1 and
Figure 8-2. Fracture did not occur in the dynamic simulations with the indenter transversal to
the stiffeners for either of the two isotropic hardening rules, but both gave good correlation to
the slope of the force-displacement curve from the experiment. For the transverse indenter, the
damage factor is taken from the most exposed element in the flange of the stiffener, since this
is where fracture occurred in the dynamic experiments. The force-displacement curves are
almost identical, but the damage factor versus displacement plot shows the difference between
the power law and Voce rule more clearly. The dashed line in the damage factor-displacement
plot shows the approximate displacement where fracture was initiated in the experiment, so it
would be desirable to have a damage factor close to unity at that displacement. The Voce rule
reaches a higher damage factor then the power law in the stiffeners, and is therefore a better fit

to simulate the experiments for the transversal indenter.
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Figure 8-1: The Cockcroft-Latham criterion with power law and Voce rule for dynamic simulations
with transverse indenter. a) Force-displacement curve and b) damage factor versus displacement.

For the indenter longitudinal to the stiffeners, fracture occurred for both hardening rules. It is
clear from the force-displacement plot (Figure 8-2 a) that fracture is better captured by the Voce
rule than by the power law. In the damage factor-displacement plot (Figure 8-2 b) both the
damage factor in the integration point at the top and at the bottom in the most exposed element
in the top flange are shown, where the bottom one is a dashed line. Here, it is clear that when
one integration point gain a damage factor equal to one, the integration point on the other side
of the top flange changes slope and goes rapidly towards one. The black dashed line illustrates
approximately at which displacement fracture occurs in the experiment. It may be preferable if
an element was removed in the simulations before all the integration points through the
thickness reaches a damage factored equal to one, since this gives a more conservative result.
It is clear that the initiation of fracture is better captured by the Voce rule than by the power
law for both directions of the indenter. Due to this finding, only the VVoce rule will be perused

in the following section.
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Figure 8-2: The Cockcroft-Latham criterion with power law and Voce rule for dynamic simulations
with the longitudinal indenter. a) Force-displacement curve and b) damage factor versus
displacement.

In Figure 8-3 the force-displacement curve for the quasi-static simulations with the Voce rule
is compared to the quasi-static experiment, with the indenter in the transversal (QSTE1) and
longitudinal (QSLE1) direction. In both directions of the indenter, the stiffness is relatively well
captured in the simulations even though it is a bit too high compared to the experiments. The
maximum force and displacement are higher than the experiments in both directions of the
indenter. This can have many explanations; as was discovered in section 6.2.1, the material is
strongly anisotropic with an R-ratio in the extrusion direction of, R=0.42. When applying a von
Mises yield criterion, the material is assumed to be isotropic which can affect the results
strongly. Another explanation is that the material tests for the stiffeners were taken from the
web of the stiffener, while it is the flanges that fail first. In addition, the simulations are usually
stiffer than real life, since the numerical model is divided into stiff elements, and in real life,
the material contains impurities that are not included in the numerical model. The energy

balance in relation to section 3.4.2 was controlled for both directions of the indenter, and the

plots are placed in the appendix F.1.
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Figure 8-3: Quasi-static experiment versus quasi-static analysisfor a) transverse indenter and b)
longitudinal indenter

8.1.1 Various Detailed Models

In section 6.2, a large spread in the material properties of the stiffeners were discovered. The
material tests from the stiffeners showed both higher and lower yield, and ultimate stress than
the base material. To evaluate this difference, some simulations were run with the base material
on the entire plate. Figure 8-4 a) shows the force-displacement curve of the quasi-static
experiment, compared to the quasi-static analysis with the Voce rule and Cockcroft-Latham
fracture criterion for the indenter placed transversally. It shows that implementing a separate
material card for the stiffeners gives fracture earlier than when the material card for the base
material is implemented for the entire plate. In addition, the damage factor-displacement plot
(Figure 8-4 b) illustrates the evolution of the damage factor in the most exposed element in the
stiffener flange, versus the approximate displacement where fracture occurred in the
experiment. With the stiffener material included in the simulations, the damage factor is
somewhat higher. The same types of tests were run with a dynamic simulation. In these
simulations, fracture did not occur in the top flange or in the stiffeners. The force-displacement
is therefore practically equal (Figure 8-5 a) while the damage factor versus displacement
(Figure 8-4 b) shows that a simulation where the stiffener material is included is closer to when

fracture occurred in the stiffeners in the experiment.
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Figure 8-4: Quasi-static experiment with transversal indenter (QSTEL) versus quasi-static analysis
with base material on the whole plate (QSTA Voce rule BM) and with included material in the
stiffeners (QSTA Voce rule SM .a) Force-displacement plot and b) damage-displacement plot.
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Figure 8-5: Dynamic experiment with transversal indenter (DTE1) versus dynamic analysis with only
base material (DTA Voce rule BM) and with stiffener material included (DTA Voce rule SM). a)
Force-displacement plot and b) damage-displacement plot.

As mentioned in section 6.4, it would be interesting to implement a yield criterion which
resembles an anisotropic yield criterion. Therefore, the Hershey yield criterion was
implemented in the numerical model in Abaqus/Explicit to investigate the difference compared
to the von Mises yield criterion. The Hershey yield criterion gave very little to no difference in
force-displacement and in damage factor. This indicates a stronger anisotropy than what the
Hershey criterion manages to capture with the Cockcroft-Latham fracture criterion. The force-
displacement plots and the damage-displacement plots for the Hershey criterion compared to

the von Mises yield criterion and the experiment is shown in appendix F.1.
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In section 6.2, the experimental results from the friction stir weld tensile test showed that the
FSW is much weaker than the base material. A separate material card for the FSW was therefore
implemented in the numerical model to study the effect it will have on the results. Figure 8-6
a) and b) shows the force-displacement plots for the dynamic analyses and the difference
between a plate without FSW and a plate with FSW, for the transverse and longitudinal
direction, respectively. In both plots it can be seen that for the simulation including the FSW,
the force is slightly lower and the displacement slightly higher. This indicates that by including
the FSW, the ductility of the plate increases slightly. A similar tendency is seen in the quasi-
static analyses, see Figure 8-7 for both the transversal and the longitudinal indenter. In the
transversal direction, fracture first occurred in the stiffener in both quasi-static analyses, and
then in the top flange. In the analysis with FSW the fracture in the plate propagated along the
FSW. Since the FSW had an effect on the results, it will be included in the future simulations
for the Cockcroft-Latham fracture criterion.
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Figure 8-6: Dynamic analysis, force-displacement plot of plate without FSW compared to plate with
FSW for: a) Transverse indenter and b) Longitudinal indenter
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Figure 8-7: Quasi-static analysis, force-displacement plot of plate without FSW compared to plate
with FSW for: a) Transverse indenter and b) Longitudinal indenter.

As mentioned in section 6.4, the plastic strain for the FSW in the numerical analysis should not
be higher than approximately ? = 0.04, since the power law does not describe the material
behaviour approximately after necking. This was verified in the numerical models by checking
the maximum in-plane principal strain of the most exposed element in the weld. For the
transverse indenter, this value is: ef = 0.047 and in the longitudinal indenter: & = 0.018. This
shows that for the transverse direction the power law fitting is not sufficient, since the plastic

strain is larger than the strain at diffuse necking in the uniaxial tensile test.

The plates were produced with small “lips”, next to the friction stir welds. Figure 8-8 shows the
plate including the FSW and the “lips”. The “lips” were implemented in Abaqus as solid
elements to investigate their effect on the simulations. In Figure 8-9, the simulations with, and
without, the “lips” are compared to the experimental test, here including the FSW, to see if the
strains are decreased by the “lips”. The plots show that there was no effect from including the
“lips” in the simulations, and the strains in the FSW were not decreased either. Due to these
observations, it was decided to not proceed with simulations that include the “lips”. In addition,
since the “lips” are very small, if running a simulation with a large mesh size, the mesh may be
distorted by the small solid elements.
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Figure 8-8: Numerical model with FSW and "lips".
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Figure 8-9: Force-displacement plot of plate without “lip” compared to plate with “lip” for: a)
Transverse indenter and b) Longitudinal indenter.

When doing the material tests, it was discovered that the thickness of both the plate and the
stiffeners were not accurate. Therefore, an average of the measured thicknesses for the t and the
stiffeners were implemented, see appendix D.1 for all the measurements. The average of the
thickness in the top flange was calculated to be t;; = 4.23mm, which is 5.75% higher than the
thickness first implemented for the top flange. The average of the stiffener thickness was
calculated to be tgtifener = 2.85mm, which is 5.0% lower than first implemented. Figure 8-10
shows force-displacement plots where the assumed thickness is compared to the average of the
measured thickness for both directions of the indenter.
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8.1 Cockcroft-Latham Fracture Criterion

The damage factor showed to be approximately equal for both directions of the indenter. As the
force increases and the displacement decreases for both the transverse and longitudinal
direction, it indicates that the thickness of the top flange has more influence on the force and
displacement than the thickness of the stiffener. Since the thickness of both the top flange and
the stiffeners varies a lot, and for simplification of simulations, it was decided to proceed with

the assumed thicknesses of, t,qre = 4.0mm and tssrrener = 3.0mm.
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Figure 8-10: Force-displacement plot of plate with assumed thickness and average of measured
thickness for: a) Transverse indenter and b) Longitudinal indenter

8.1.2 Selected Model

Due to the observations in the previous section, it was concluded that the model with separate
material card for the stiffeners and FSW without including the “lips” and the measured
thicknesses, is acceptable, though somewhat simplified. In the numerical simulations, as in the
experiments, there was a visible necking of the stiffeners for the transverse indenter while for
the longitudinal indenter, the twisting of the stiffeners was not detected in Abaqus. In Figure
8-11, the necking of the stiffener in the experiment is compared to the numerical analysis, where
the equivalent plastic strain (PEEQ) is illustrated. This shows a similarity between the necking
in the experiment and the analysis, and in addition, the analysis shows an accumulation of
strains where the crack is visible in the experiment. In Figure 8-11 b) the PEEQ reaches a value
of 0.22, while for the longitudinal indenter the PEEQ reached a value of 0.26 right before
fracture. This is significantly lower than the value used for PEEQ at fracture in the introductory
model. The low value of PEEQ could be a result of artificial aging, which gives decreased

ductility, see section 2.1.1.
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a) b)

Figure 8-11: Necking of stiffeners in a) experiment and b) numerical simulation

In Figure 8-12, the velocity versus time plot is shown for this model in both directions, and
compared to the representative experiments. The velocity in the transverse direction is well
captured by the simulations. The slope is a bit more steep than in the experiment, but it results
in about the same residual velocity. With the indenter in the longitudinal direction, the curve
from the simulations is closely following the velocity in the experiment up to fracture. The
small differences in velocity can be described by variances in boundary conditions and friction

in the experiment and the model, and by a difference in stiffness since a numerical model
usually is stiffer than real life.
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Figure 8-12: Velocity-time plots for analysis versus experiments for a) Transverse indenter and b)
longitudinal indenter.
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8.1 Cockcroft-Latham Fracture Criterion

Figure 8-13 a) and b) shows the absorbed energy for the experiment versus the analysis with
stiffener material and FSW in the transverse and longitudinal direction, respectively. This
indicates that the numerical model cannot reproduce the exact energy at fracture as the
experiment. In both directions of the indenter, the absorbed energy increases faster in the
numerical analysis, than in the experiment, and Figure 8-13 b) shows that for the longitudinal
indenter, where fracture is initiated in the analysis, the fracture energy is 50-60% larger than
the experiment. Some explanations to this might be, as previously mentioned, the numerical
model does not consider anisotropy in the material, it is stiffer than real life and does not
consider impurities. Other reasons for this disagreement in absorbed energy might be difference
in boundary conditions and difference in friction state. As seen in the parameter study
conducted in section 5.2.4, the stiffness of the model is dependent on the friction between the

support and the plate.
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Figure 8-13: Experiment versus analysis energy-displacement plot for a) transverse indenter and b)
longitudinal indenter.

In section 7.4.2, both directions of the indenter showed good correlation between the quasi-
static and the dynamic experiments. This is also the case for the numerical simulations. In both
directions of the indenter there is good correlation between the dynamic and quasi-static
simulations, see Figure 8-14. In the dynamic simulations for the transversal indenter, since
fracture was not initiated, the damage factor at maximum displacement was studied instead.
The damage factor for the most exposed element in the flange for the dynamic simulation was
found to be 0.72, and in the quasi-static at the same displacement 0.73. For the longitudinal
indenter fracture occurred at approximately the same force and displacement. This shows, as in
the experimental results, that a quasi-static analysis could be sufficient validation for this type
of experiment on AA6082-T6.
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Figure 8-14: Dynamic analyses versus quasi-static analyses for a) Transverse indenter and b)
Longitudinal indenter

8.2 The Bressan-Williams-Hill Instability Criterion

The Bressan-Williams-Hill (BWH) instability criterion is strain path independent, which is
favourable when applying it to sheet metals under large deformations, such as deformation due
to impact loading. In section 6.2, a low degree of hardening in the material was noticed. With
a low degree of hardening, the BWH criterion could give an inaccurate estimation of fracture,
since a small change in stress might give a large change in strain. The criterion applies the
power law formulation described in section 2.6.3 and initiates fracture when instability is
detected in an element in Abaqus/Explicit. Alsos et al. (2008) found that the BWH criterion
predicts failure without being overly sensitive to the mesh size, so the BWH criterion was run
with mesh size equal to the thickness, 2.5 times the thickness and 5 times the thickness to
validate this statement. Mesh sizes larger than five times the thickness do not detect local
instability and to account for this, the fracture criterion needs to be element size dependent
(Alsos et al., 2009). Alsos et al. (2008) set the €; equal to the hardening exponent of the power
law, n, but in this master thesis a mesh-scaling factor is used to reduce the ductility when
elements larger than the thickness are applied. The matlab script used to generate the material
card for the BWH criterion was provided by Postdoc. David Morin, and is shown in appendix
E.4.
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8.2 The Bressan-Williams-Hill Instability Criterion

Figure 8-15 a)-c) shows the FLDs for the base material, stiffener material and FSW,
respectively, where the effect of the mesh-scaling factor is illustrated. Figure 8-15 d) is a
comparison of the different materials with mesh size five times the thickness and shows that
the material in the FSW is very different from the base material and the stiffener material. This
can be explained by a value of n in the power law, which differs considerably from the other
two materials, and leads to a steeper curve on the left-hand side of the plot, see sections 6.3.2
and 6.3.3.
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Figure 8-15: BWH FLDs for a) base material, b) stiffener material, ¢) FSW and d) the three materials
compared with mesh size 5t.

First, the model without the FSW was implemented with the BWH criterion. This showed good
correlation with the experimental results for all mesh sizes, but fracture was initiated at different
displacements for the different mesh sizes, see Figure 8-16. This indicates that the criterion
might have some sensitivity to the mesh size, which could be because large mesh sizes do not

detect strain concentrations as well as finer mesh sizes. For the transversally placed indenter,
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fracture occurred earlier than the experiment for all mesh sizes tested. This is still a valid
approximation since the BWH criterion predicts local instability, not final fracture. For mesh
sizes 2.5 and 5 times the thickness, fracture occurred earlier than when the mesh size is equal
to the thickness. This was not expected since the force usually decreases for a smaller mesh
size. One explanation for this could be that the contact formulation between the indenter and
the plate changes for the different mesh sizes. It could also be a result of the effect from the
mesh-scaling factor. For the longitudinally placed indenter, fracture did not occur for a mesh
size 5 times the thickness while for mesh size 2.5 times the thickness and mesh size equal to

the thickness, fracture occurred approximately at the same displacement as the experiment.
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Figure 8-16: Dynamic analysis with BWH instability criterion compared to experiment for the a)
transverse and b) longitudinal indenter

A BWH material card was also made for the FSW in the plate, and implemented in the model.
Figure 8-17 shows the results for the numerical analyses with the FSW included. These results
have been compared to the results when FSW is not included, and they are very similar. From
this observation, it was decided that in large-scale analyses, the FSW could be excluded without
affecting the results too much. The “lips” were not included in these analyses, as it was assumed
that because they gave no difference in result for the CL fracture criterion, they would also not
affect the results for the BWH criterion. In addition, since the BWH criterion is meant to

function for large mesh sizes, it should not be included since it can distort a large mesh.
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Figure 8-17: Dynamic analysis with BWH instability criterion with FSW included compared to
experiments for the a) transverse indenter and b) longitudinal indenter

Fracture did not occur for the mesh size five times the thickness for the longitudinally placed
indenter. Therefore, a plot showing the o; calculated from the BWH criterion using the
maximum and minimum principal strain from the analysis, and comparing it to the maximum
principal stress from the analysis is shown in Figure 8-18. In this figure, it can be seen that for
mesh size five times the thickness, the analysis is very close to fracture. The plot also shows
that the two analyses with and without including the FSW are approximately equal, with only
a small difference after maximum stress occurred. The calculated stress from the BWH

criterion, g, for the two models were overlapping, so only one is shown in the plot.
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Figure 8-18: Maximum principal stress versus a; from the BWH criterion
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8 Numerical Simulations and Discussion

The numerical simulations were also run as quasi-static analyses for the model without the
FSW. The force-displacement plot for the model not including the FSW is shown in Figure
8-19, where the same trend as in the dynamic analyses is detected. In the transverse direction,
fracture is initiated in the stiffener in the analyses before it occurred in the experiment, while
for the longitudinal indenter, fracture is initiated in the plate in the analyses at the same time or
after it occurred in the experiment. When fracture occurs in the stiffeners, the flange is subjected
to tension and the fracture is described by the left side of the FLD, and Hill’s theory, but when
fracture occurs in the plate, the fracture is described by the right side of the FLD, and the
Bressan-Williams theory. This is could be an explanation as to why the fracture happens at

different displacements relative to the experiments for the transverse and the longitudinal
indenter.
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Figure 8-19: Quasi-static analysis for the BWH criterion without the FSW for the a) transverse and b)
longitudinal indenter

As for the CL criterion, the energy at fracture was compared for the BWH instability criterion
with the experimental results. As for the CL criterion, the energy increases faster in the analyses
than in the experiment, but since fracture occurs earlier in the BWH criterion, the agreement is

better than in the CL criterion. It shows acceptable compliance between the different mesh
sizes, which is good for the use of large meshes.
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Figure 8-20: Absorbed energy versus displacement plots for dynamic analyses for the a) transverse
and b) longitudinal indenter

8.2.1 Comparison between the BWH Instability Criterion and the CL Fracture Criterion

In the previous section, the BWH instability criterion has been implemented in the numerical
model with different mesh sizes and has been compared with the experimental results. The
criterion has shown acceptable correlation to the experimental results, when considering the
uncertainties that have been mentioned in previous sections. In Figure 8-21, the Cockcroft-
Latham fracture criterion has been implemented with different mesh sizes to be able to compare
it to the BWH instability criterion. It appeared that the damage factor in the CL criterion
decreased significantly as the mesh size was increased, so it is not a good approximation when
using large mesh sizes. The BWH criterion showed good correlation for all mesh sizes, and as
the mesh size was increased the mesh scaling factor ensured that fracture occurred sooner due
to lower ductility for large elements. It should be added that a mesh-scaling factor was not used
for the CL criterion, which could be an explanation to the damage factor decreasing fast. In
Table 8-1, the computational time for some representative analyses are shown for the transverse
indenter. This shows that the analyses with the BWH criterion needs less time than the analyses
with the CL criterion for the same mesh size. Since the CL criterion only has acceptable results
for a fine mesh, and the BWH has acceptable results for a coarser mesh, the BWH criterion can

be called much more effective than the CL criterion in large scale analyses.
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Figure 8-21: Dynamic experiment versus CL dynamic analysis with different mesh sizes. a) force-

displacement for the transversal indenter, b) damage factor-

displacement for the transversal indenter,

c) force-displacement for the longitudinal indenter and d) damage factor-displacement for the

longitudinal indenter.

Table 8-1: Computational time for representative analyses

Quasi-Static Dynamic
Transverse indenter CL BWH CL BWH
Mesh size t 8t 33min 5t 14min 2t 57min 1t 46min
Mesh size 2.5t - - 21min 11min
Mesh size 5t - - 8min 8min
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8.2 The Bressan-Williams-Hill Instability Criterion

8.2.2 Marciniak-Kuczynski Analyses

A more commonly used forming limit diagram, is the strain based FLD, Marciniak-Kuczynski
(MK). This FLD was included to investigate the difference when using the MK FLD and when
using the BWH criterion. The procedure suggested by Marciniak and Kuczynski is used to
calculate the right-hand side of the FLD, while the right side is calculated by the method of Hill
and shifted down to intersect at the corresponding plane strain for MK. The right-hand side is
calculated by assuming a pre-existing defect in form of a groove or a trough oriented
perpendicular to the axis of larges principal stress and strain. In the groove, the material is either
thinner or weaker than outside it. Let ‘a’ denote the region outside the groove, and ‘b’ the region

inside the groove. The force must be the same inside and outside the groove and deformation

is assumed to occur so that the ratio of stresses and strains (a, = Taz /Ua ,andp, = Aéaz / Ae 1)
a

remain constant. The numerical solution involves imposing increments of strain in the groove
(Agpq) and finding the corresponding strain outside the groove (Ae,;). The strain outside the
groove becomes smaller and smaller as the deformation progresses for a given increment of the
strain in the groove, and consequently Ae,, = Aeg,, decreases, and the flow in the groove

approaches plane strain when Aeg,, = 0. Failure is set to occur when the relation between the
strain outside and in the groove (Agal/ A€b1) is very large (Hosford and Caddell, 1993). For

more detailed calculations of the FLD, see chapter 15-5 ‘Calculations of forming limit
diagrams’ in Hosford and Caddell’s (1993) book, ‘Metal Forming’.
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Figure 8-22: FLD for BWH with all mesh sizes and MK with von Mises and Hershey yield criterion
compared for a) base material and b) stiffener
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8 Numerical Simulations and Discussion

In Figure 8-22, the FLDs from Marciniak-Kuczynski for both the von Mises and the Hershey
yield criterion compared to the FLD from the BWH instability criterion is shown. It is important
to consider that the FLD from the BWH criterion is based on the power law, while the FLDs
from MK is based on the Voce rule, so the different FLDs cannot be compared directly. In this
master thesis, the calibration for the VVoce rule and the power law are very similar, as seen in

8.1, where they gave comparable results for the Cockcroft-Latham fracture criterion.

The MK with the von Mises yield criterion was implemented in matlab with different mesh
sizes to investigate how it differs from the BWH criterion. The MK with the Hershey criterion
was not included in this master thesis due to its complicated implementation and how time
consuming it would have been. In addition, the Hershey criterion did not show a large difference
from the von Mises criterion when implementing it in the CL fracture criterion, so it can be
presumed that it would not show a large difference in the MK FLD either. Figure 8-23 shows
the force displacement plots for the analyses implemented with the MK FLD with the von Mises
yield criterion. As expected, since the FLD for the MK and the FLDs for the BWH are very
similar, the force displacement plots for MK give approximately the same results as for BWH.

This gives more reason to state that the estimates from the BWH instability criterion are

acceptable.
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Figure 8-23: Dynamic analysis for the MK FLD without the FSW for the a) transverse and b)
longitudinal indenter
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9.1 Conclusions

9 Conclusions and Proposals for Future Work

In this master thesis, dynamic and quasi-static experiments were conducted on stiffened
aluminium plates with a cylindrical indenter pointing transversal and longitudinal to the
stiffeners. The plate consists of aluminium profiles welded together by friction stir welds, and
the indenter hits the plate between the welds. The experiments were simulated and attempted
validated in Abaqus/Explicit. In order to perform the laboratory experiments, a rig fixing the
aluminium plate in the test machine was designed. In the following sections, concluding

remarks and proposals for future work are presented.

9.1 Conclusions

¢ In the material tests it was discovered that the material that was investigated in this
master thesis, aluminium alloy AA6082 with temper T6, have a greater degree of
anisotropy than expected.

e A large difference of the material properties in the top flange, stiffeners and the friction
stir welds (FSW) was detected.

¢ In the component tests, a good correlation was detected between the quasi-static and
dynamic experiments for both the transverse and the longitudinal indenter. This gives
grounds to conclude that a quasi-static experiment could give satisfying validation for
this type of experiment on AA6082-T6.

e The Cockcroft-Latham fracture criterion gave acceptable estimates in regards of
initiation of fracture with a mesh size equal to the thickness of the plate. With coarser
mesh size the accuracy decreased significantly.

e The Bressan-Williams-Hill instability criterion gave acceptable estimates in regards of
initiation of fracture with mesh sizes varying from equal to the thickness to five times
the thickness. The estimates are somewhat conservative, and a slight mesh sensitivity
was detected.

e When including the friction stir welds in the numerical simulations of the plate, it did
not show a significant effect in either the Cockcroft-Latham fracture criterion or the
Bressan-Williams-Hill instability criterion. It may therefore be safe to model the plate
without the FSW in a large-scale analysis in this type of tests, where the impact area is

between the welds.
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9 Conclusions and Proposals for Future Work

e The small “lip” on the side of the aluminium profile was included in the numerical
model as solid elements. Including the “lips” did not affect the force-displacement plots
from the numerical model. It can thus be concluded that excluding the “lips” are a

reasonable presumption in large scale analyses.

9.2 Proposals for Future Work

In this master thesis, the isotropic von Mises yield criterion was used when approaching the
material model, and in the discussion, the Hershey yield criterion was implemented. Since a
strong anisotropy was detected for the aluminium alloy AA6082-T6 in section 6.2.1, an

anisotropic yield criterion could give improved results.
A more advanced fracture model could improve the fracture initiation in the numerical model.

In the material test, only the web in the stiffener was tested. Performing material tests of the
flange in the stiffeners as well, could improve the material model. In addition, a variation
between the material tests in different stiffeners were detected, material tests on multiple

stiffeners should therefore be conducted.

In this master thesis, the indenter hit the aluminum plate between the friction stir welds with a
cylindrical nose with rounded edges. It could be interesting to investigate the effect of moving
the indenter so it hits closer to or on the weld. In addition, changing the geometry of the plate
and indenter, and performing experiments with higher velocities might also be interesting.

Plastic strain past the diffuse necking strain in the uniaxial tensile tests was detected in the
numerical model of the plate including the FSW. By calibrating the FSW using multiple terms
of the Voce rule, the material behaviour in the FSW could be better described past diffuse
necking. If conducting a hardness test in the area of and around the friction stir weld, a more
accurate description of the material parameters may be found for and around the FSW.

Doing experiments with other aluminium alloys and with different tempers could be interesting
for future experiments. Changing the temper used in this thesis from T6 to T4 would increase
the ductility of the plate and thus absorb more energy in the experiments. In addition,
experiments should be performed on MIG-welded plates since this type of welding gives a
larger heat affected zone.
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Appendix A

In this appendix, the derivation of the Bressan-Williams shear instability criterion and Hill’s

local necking criterion is shown.
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A.1 - Bressan-Williams shear instability criterion

K3 Ia

First, a strain transformation from directions 1,2,3 to t,n:
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Plastic incompressibility: e;=—¢,(1+7)
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Mohr's sircle gives:

aq

.Eﬁmue) mﬂ2m=VL{wd2®f

Ter=

This gives the BW criterion:

P

(B Y
B

o=
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A.2 — Hill’s local necking criterion

Aeg o

2 2

— a=—— o,>0 Oy=0Q-0, agy=0
Ag, oy

B

For proportional strain paths:

de, +de,+de; =0 de,; >0 de,=p-de, des=—(140)-de,

Principal traction in the ty=0,°h to=0c,h
sheet are defined by:
dt,=do,+h+oc,-dh=0

d d d
U1+ﬂ=0 Ul+d53=0 Ul—(1+ﬁ) de, =0
o, h o) o,
. 2 do,
Criterion for local necking: = =o,(1+0)
€1

Equivalent Von Mises stress: 1
2

==

C‘req

%'((‘71—0’2)2 *‘(‘72—‘73)2 +(‘73—‘71)2)]

1
2

im0 +0ri=0)" 4 0-))|

|

q
|

eq i-

_ 4/ 2
Oy=Vl-—a—a -0

p _VLJ+26+{HQﬁ\_G

eq =

B+2 \ B+2 )
o _\/5‘ VB° +8+1
eq—
2 14l
2
1+i}6’
2 2
g = 2 *Teq
V3 V@ +8+1
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de; de, dey

= = g,=0,—0
do', do'y, do's NN
de, _ de; _  de a_2,6+1 ﬁ_2a—1
2—-a 2a-1 —(1+a) 2+ 2—a
|'2 2 2 2 '|
o j
2 2 2 2 2 )2
de;=0 dseq=§-[del +de, —2 dsl-ds2] =§- B =2pB+1-de;
Eeq=i-\f1+ﬁ+62 <&
V3
I . é
Stress based Hill expression: =1
1+
- oG NEE
eq \/5 ]-+)6

Equivalent stress, Power Law:

n (2‘6’1_ V1+6+62\|
)

o.,.=Ke, =K.
\/g 1+

eq eq

——

Hill's local necking criterion:

1 n
1+— o
9. J +2-6 (z_él. 1+6+62\

o= . .

V3 Vgi+s+1 (V3 L
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Appendix B

In this appendix, the moment capacity of the quasi-static test rig is found.

143



B.1 — Moment capacity of test rig

ry F,
N NG
udl. | e — i
+— HUP\oox\OOX\O"I I\/' 2 IYF‘
O L P, o 5310 100, 25
- 12.00) P

NA:

A:=40 mm-1200 mm+2-3.55-10° mm’ =(5.51-10") mm’

Ay:=40 mm-1200 mm-120 mm+2-3.55-10° mm” -50 mm=(6.115-10°) mm®

yi=2Y _110.98 mm
A

Plastic moment capacity:

W .
M,,,_Rd=Lfy for class 1/2
Ymo
Jy=355 MPa Ymo=1.05
A
2
NA,j==—=__=22.958 mm
1200 mm
A, :=%=(2.755-104) mm” A2:=%=(2.755-104) mm”
40—23) 3

Ay, :=(40—23) 1200 (100+ } mm’ +2.3.55-10° +50 mm’ = (2.568-10°) mm

Ay

1

! —93.227 mm

yl =
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Y, =100 mm+ (40 mm — 23 mm)+23$=128-5 mm

Ypr =100 mm + (40 mm —23 mm) =117 mm

ay =Yy — Y =23.773 mm ay:=Yy— Y =11.5 mm
A 5 3
Wpl::E-(a1+a2)=(9.718-10 ) mm

Wpl'fy

Yat0

MpLRd:Z =328.553 kN‘m arm:=235 mm

M -
Fy pgi=—20 = (1.398.10°) kN
arrn
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Appendix C

In this appendix, material properties of the aluminium alloy AA6082-T6 provided by Sapa is

shown.
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C.1 - Properties of aluminum alloy, AA6082-T6

Extruded products

@
Technical datasheet s a p a &

Alloy EN AW-6082 [Al Si1MgMn]

Medium strength alloy with higher strength than 6005A. Due to elements like manganese, added to increase toughness, it is less
suitable for decorative anodising.

Commonly used for structural applications in engineering and transportation due to good toughness and high yield- and ultimate
tensile strength. Examples of applications include seat-rails, bumber beams, scaffolding, train-floors, and valve-blocks.

Typical Applications

s  Structural beams e Bumper rails e Scaffolding *  Train floors

Chemical Composition?

0,70 1,30 0,50 0,10 [ 0,40 1,00 | 0,60 1,20 0,25 0,20 0,10 0,05 015

* Chemical composition according to EN-573-3:1994

Mechanical Properties23

T4° <25 110 205 14 12 70 80 14
Open Profile T5 t<5 230 270 8 6 90 105 16
) . t<5 250 290 8 6 95 111 16
Open Profile T6

5<t<25 260 310 10 8 95 111 16
Hollow Profile TS t<5 230 270 8 6 90 105 16
a t<5 250 290 8 6 95 111 16

Hollow Profile T6
5<t<25 260 310 10 8 95 111 16

? Properties according to EN 755-2:2008 for extruded profile, minimum values unless else specified

? If a profile cross section is comprised of different thickness which fall in more than one set of specified mechanical property values, the lowest
specified value shall be considered as valid for the whole profile section

“ Properties may be obtained by press quenching

¢ Brinell hardness values for information only. Vickers and Webster converted from Brinell value and should be considered approximate

Temper Designations*

T4 Solution heat treated and naturally aged

T5 Cooled from an elevated temperature shaping process and then artificially aged

T6 Solution heat treated and then artificially aged

T64 Solution heat treated and then artificially aged in underageing conditions (between T6 and T61) to improve formability

T66 f:;u;irc;::;at treated and then artificially aged — mechanical property level higher than T6 achieved through special control of

* Temper designations according to EN 515:1993

Sapa Technology, Finspang, Sweden Sapa 6082 - Rev 1
2013-04-18
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Extruded products
Technical datasheet
Alloy EN AW-6082 [Al Si1lMgMn]

sapa:

Physical Properties®

6082 575-650

T4

150

T6

172

° Reference: MNC Handbok nr 12, version 2, SIS, 1989. Typical properties at room temperature 20°C

Comparative Characteristics of Related Alloys®

Tensile strength

Impact strength

Surface finish

Suitability for decorative anodising

Corrosion resistance

Machinability

Coldforming

(U NC T T T N N B T
vivnlwin|luo|ls|n |~

Weldability

I T NV NI [N (VN N 'S

v is|lslslpr|lw|r|w
nis|lsrlw|lw|w|lw

° Relative grading, 5 = top grade

Fatigue Properties

Example of fatigue properties for 6082 in temper T6.
Provided for informational purposes only, not to be
considered as guaranteed properties. Results are valid for
the investigated specimens taken from a specific sample.

Tests performed at 20 £ 2 °C on 7 mm diameter cylindrical
specimens parallel to the extrusion direction by Sapa
Technology, Finspang, Sweden.

Axial testing, constant amplitude, sine wave loading at
around 100 Hz test frequency. Load ratio (min. stress / max.
stress) R = 0. Runouts after 10° cycles are indicated by the
arrows.

140 150 160
I

Stress amplitude Ac (MPa)

100 110 120 130

Fitof I(N)= a + bIn(Ac)
Material: AA6082-T6, R=0
T

90
L

T
10

6 107 8

10
Cycles to failure N

Sapa Technology, Finspang, Sweden

Sapa 6082 - Rev 1
2013-04-18
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Extruded products

®
Technical datasheet sa p a ]

Alloy EN AW-6082 [Al SilMgMn]

Heat Treatment Response

Example of heat treatment response for alloy 6082.

6082- Ry,
330
310 =
20 — = ~
o
270 v = 1 N

— 250 ) emperature

T 1 / ——

2 20 % /, 165°C

=

® 210 4 A —=—175°C

H]

& 190 - i 185°C
170 " 195°C
150
130
110

01 1 10 100
Ageing Time [h]
6082 -R,,
340
330
——"43_: -
320
] i P = ‘\
310 v Temperature

g 300 Ve / \

s / \A — e 165 °C

£ 290 l o

) // i 175 °C

2 230

@A A 185°C
270

195°C
260
250
240
01 1 10 100
Ageing Time [h]
6082 - Asym
2
20
18
Temperature

16 ~J

™ \!;\ N —o— 165°C

Elongation [%]
-
=

N N —a—175°C
12 \ ™

i 185°C

195 °C

Ageing Time [h]

7 Solid profile, 200 x 3mm, water quenched after extrusion, 24h natural ageing prior to artificial ageing, samples are taken parallel to extrusion
direction

Sapa Technology, Finspang, Sweden Sapa 6082 - Rev 1
2013-04-18
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Appendix D

In this appendix, the exact measurements of all specimens in the material tests are included.
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D.1 — Measurements of width and thickness of all test specimens in the material test

Measuring points along specimen UT110

110
15 9.5 | 8., 45 9.5 15
S i
..-"f" - i
Py S
k| "PEP
Measuring points along specimen UT200
- 200 -
- 65 ——— 70 65 -
.25 _ /@ .25 _
/A
.-':IW .
[ | 7\ X |
\ ir
| / ~ |
| N N !
s [ /) 1 S
B =
| .-/ |
| | f | |
3 Il 194 3 J
sl
(3]
[= N
=
B
[=1
o)
[{]
=
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Measurements of tensile tests in base material of top flange and stiffener material, UT110

Test specimen| w [mm] |t [mm] A [mm?] E [MPa] | g, [MPal] | g, [MPa]
7.995 4.292 34.31454
00-1 7.992 4.289 | 34.277688 60000 262.278 322.318
7.992 4.289 | 34.277688
8.007 4.293 | 34.374051
00-2 8.002 4.294 | 34.360588 66000 271.536 320.887
8.003 4.287 | 34.308861
8.016 4.29 34.38864
00-3 8.004 4.286 | 34.305144 66300 272.998 322.904
8.003 4.287 | 34.308861
8.012 4.114 | 32.961368
45-1 7.995 4.11 32.85945 61300 226.48 287.659
8 4.108 32.864
7.994 4.112 | 32.871328
45-2 7.991 4.116 | 32.890956 62500 215.341 284.824
7.996 4.114 | 32.895544
7.983 4.113 | 32.834079
45-3 7.987 4.111 | 32.834557 62600 243.395 285.807
7.987 4.115 | 32.866505
8.003 4.293 | 34.356879
90-1 8 4.292 34.336 63500 290.079 329.186
8.003 4.29 34.33287
8.013 4.288 | 34.359744
90-2 7.998 4.289 | 34.303422 62700 288.427 329.374
38 4.289 34.312
38 4.29 34.32
90-3 7.995 4.29 34.29855 62500 284.302 329.23
7.997 4.292 | 34.323124
7.974 2.849 | 22.717926
WEBOO-1 7.979 2.849 | 22.732171 65500 240.977 311.21
7.973 2.846 | 22.691158
7.974 2.867 | 22.861458
WEBOO-2 7.978 2.862 | 22.833036 63000 238.728 311.691
7.974 2.857 | 22.781718
7.987 2.851 | 22.770937
WEB0O0-3 7.988 2.847 | 22.741836 67200 258.32 326.3777
7.987 2.847 | 22.738989
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Measurements of tensile tests over the FSW, UT200

Test specimen| w [mm] |t [mm] A [mm?] E [MPa] | g, [MPal | g, [MPa]
12.475 | 3.901 | 48.664975

FSWo0-1 12.473 | 3.995 | 49.829635 59600 150 256.425
12.476 | 4.013 | 50.066188
12.461 | 3.933 | 49.009113

FSW90-2 12.456 | 3.984 | 49.624704 60000 150 256.19
12.471 | 3.987 | 49.721877
12.484 | 3.916 | 48.887344

FSW90-3 12.482 | 3.988 | 49.778216 65000 150 257.24
12.487 3.97 49.57339
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Appendix E

In this appendix, a selection of the material cards implemented in this master thesis is included

along with a malab code for generation of a material card in the BWH instability criterion.
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E.1 — Material card for preliminary model

*Material, Name = SMM S355 with fracture
*Density
7.8e-9
*Include, input = DEPVAR SMM.inc
*User material, Constants = 25
*x EFLAG, YFLAG, RMAPFLAG,
VFLAG, TFLAG, DFLAG,

1, 1, 5,
O, OI l’
*x STFLAG, E, PR,
SUBSTEP, THETARI, OR1,

0, 210000, 0.33,
01, 935.51, 129.02, 861.
*x QR2, THETAR3, QOR3,
DINIT, DCRIT, BIGSO,

118.92, 0.0, 0.0,

0.0, l-O/ 989!
* % EXPSO,

1

HFLAG,

SFFLAG

1,

SIGMAO,
THETAR2

360,
99

dRdpmin,
PHI

0.0,

1.00000e-
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E.2 — Material card, Cockcroft-Latham fracture criterion with the Voce rule for base
material (BM) and stiffener material (SM)

*Material, name=SMM AA6082T6 WITH FRACTURE BM

*Density
2.7e-09,
*Depvar, delete=61
61,
*User Material, constants=25
1., 1., 5., 1., 0., 0., 1., 0.
0., 66000., 0.33, 271.5, 0.1, 36632.4, 17.78,
1350
90, 0., 0., 0., 0., 1.0, 107.1192,
1.
1.,

*Material, name=SMM AA6082T6 WITH FRACTURE SM

*Density
2.7e-09,
*Depvar, delete=61
61,
*User Material, constants=25
1., 1., 5., 1., 0., 0., 1., 0.
0., 63000., 0.33, 238.7, 0.1, 63294.55, 36.65,
1462
86, 0., 0., 0., 0., 1.0, 94.9543,
1.
1.,
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E.3 — Material card, Cockcroft-Latham fracture criterion with the power law for base
material (BM), stiffener material (SM) and friction stir weld (FSW)

*Material, name=SMM AA6082T6 WITH FRACTURE BM
*Density

2.700000e-09,

*Elastic

66000, 3.300000e-01

*Plastic

2.715000e+02, 0

2.759858e+02,1.000000e-03
2.798455e+02,2.000000e-03

4.399037e+02, 1.0

*Depvar, delete=5

S,

1, PEEQ, "equivalent plastic strain"

2,DAMAGE, "Damage Cockcroft-Latham"

3,ratio,"Distance to BWH"

4,beta,"strain ratio"

5,FAIL,"Failure status"

*User Defined Field, properties=8

** Wc, dcrit, BWH, K, n, thick, iptf, nip
117.6938, 1, 0, 439.7, 0.09129, 4.0, 0, 5

*Material, name=SMM AA6082T6 WITH FRACTURE SM

*Density
2.700000e-09,
*Elastic
63000,3.300000e-01
*Plastic
2.387000e+02, 0

2.505090e+02,1.000000e-03
2.583233e+02,2.000000e-03

4.216479%e+02, 1
*Depvar, delete=5

5,
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1, PEEQ, "equivalent plastic strain"

2,DAMAGE, "Damage Cockcroft-Latham"

3,ratio,"Distance to BWH"

4,beta, "strain ratio"

5,FAIL,"Failure status"

*User Defined Field, properties=8

** Wc, dcrit, BWH, K, n, thick, iptf, nip
101.3674, 1, 0, 421.6, 0.08584, 3.0, 0,

*Material, name=SMM AA6082T6 WITH FRACTURE FSW

*Density
2.700000e-09,
*Elastic
60000, 3.300000e-01
*Plastic
150, 0

1.573611e+02,1.000000e-03
1.634233e+02,2.000000e-03

4.274966e+02,1.100000e+00

*Depvar, delete=5

S,

1,PEEQ, "equivalent plastic strain"

2,DAMAGE, "Damage Cockcroft-Latham"
3,ratio,"Distance to BWH"

4,beta,"strain ratio"

5,FAIL,"Failure status"

*User Defined Field, properties=8

** Wc, dcrit, BWH, K, n, thick, iptf, nip
34.4908, 1, 0, 420, 0.18, 4.0, 0, 5
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E.4 — Matlab code for generation of material card for the BWH instability criterion

clear all

clc

o\©
o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
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o\©
o\©

o\©
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o\©
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o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

Define material parameters

S
°

o\©
o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©
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o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

o\©
o\©

Name of the material card

%

’

Power law modulus

Yield stress
Power law exponent

Density
Poisson's ratio

Young's modulus
o

o

o

o
)

[}

S
°
e
°
’
’

o
°
’

Yield plateau strain
'AAG082T6 BWH ABAQUS'

’

’

°

0.33;
271.5
439.7

0.09129

2.7e=-9
66000
0;

sigmal

rho

EO

nu
epspl
matname

oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
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Mesh scaling factor

%
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Scaling factor

%

’

Shell element size

Shell element thickness

%

%

’

10
4;
(l1+plate thickness/element size) /2

plate thickness
scale factor

element size

oo
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Define additional parameters

%

oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo
oo

Strain rate ratio

%

Equivalent plastic strain
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Compute stress strain curve

%
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strain for power law
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o
]

’

’

K* (p(i, 1) +epsp0)*n

sigma0

epspl

(sigma0/K) " (1/n) —epspl
<

length (p)
sigmay (i, 1)
sigmay (i, 1)

=1
if p(i,1)
else

end
ylabel ('Yield stress')

for i
figure

xlabel ('equivalent plastic strain')

plot (p,sigmay, 'r'")

epspO
end
grid on



csvwrite('yield stress.csv', [p,sigmay]) % Export the stress-strain curve

for plot

if beta(i) <= 0.0
factorl = 2*K* (1.0+beta(i)/2)/ (sqrt (3* (beta (i) "2+beta(i)+1)));

factor?2 2*sqgrt (beta (i) "2+beta (i) +1)/ (sgrt (3) * (1.0+beta(i)));
else

factorl = 2*K/ (sqrt (3* (1-(beta(i)/ (2+beta(i)))"2)));

factor2 = 2/sqrt(3);
end
siglc(i) = factorl*(factor2*n*scale factor)"n;
sig2c (i) = (2*beta(i)+1)/ (2+beta(i))*siglc(i);
end
figure

plot (sig2c/K,siglc/K,'r")
grid on

xlabel ('sigma2/K")

ylabel ('sigmal/K")

csvwrite ('"BWH locus.csv', [sig2c'/K,siglc'/K]) % Export the critical
principal stress for plot

disp('Write material card');
fich=fopen('mat.inp','w');
% Write material card name
fprintf (fich, ['*Material, name=' matname '\n']);
% Write density
fprintf (fich, '*Density\n"') ;
fprintf (fich, '$6d,\n', rho) ;
% Write elastic properties
fprintf (fich, '*Elastic\n"');
fprintf (fich, '$6d,%$6d\n"',EOQ, nu) ;
% Write crushable foam keyword
fprintf (fich, '*Plastic\n"');
for i=l:length (p)

fprintf (fich, '%$6d,%6d\n"',sigmay (i, 1),p(i,1));
end
% Add fracture model

fprintf (fich, '*Damage Initiation, criterion=FLSD\n');
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for i=1l:1length (beta)
fprintf (fich, '%6d,%$6d\n"',siglc(i),sig2c(i));
end
fprintf (fich, '*Damage Evolution, type=DISPLACEMENT\n');
fprintf (fich, '$6d,\n',0.001);
fclose (fich);
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Appendix F

In this appendix, some additional results from the numerical simulations are included.

163



F.1 — Additional plots for the Cockcroft-Latham fracture criterion with the Voce rule in
transverse and longitudinal direction

Energy plots for CL with Voce rule in transverse (left) and longitudinal (right) direction of the
indenter
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Force-displacement plots for CL with VVoce rule and Hershey yield criterion in transverse (left)
and longitudinal (right) direction of the indenter
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