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Abstract

Wolfram REINHARDT

Formability of Polymer-coated Metals

This project was undertaken to explore the viability of manufacturing polymer-

coated cans using current drawing-wall-ironing methods, and centres around
exploring polymer-coated alternatives to lacquered food and beverage cans.
A full process FEA model was developed in Abaqus, and a polymer coating
characterisation was attempted via tensile and compressive tests of available
PET. As an alternative, the polymer was modelled as a force/over-closure con-
tact definition in finite element analysis models, using force data derived from
existing polymer data. The contact definition demonstrated an effective alter-
native to modelling a finite element meshed polymer layer but needed opti-
mising to match physical results. A tensile test machine rig was designed and
manufactured capable of ironing strip metal specimens for otherwise unavail-
able ironing metrology. The rig was calibrated using uncoated steel, then used
to gain data on force and resulting geometry for polymer coated steel during
and after ironing. Rig data was used in a finite element analysis automated
feedback loop to optimise the force/over-closure and friction coefficients for
the contact definition. Finally, a full-process drawing-wall-ironing simulation
on polymer coated steel was implemented in a design of experiments study,
which mapped the previously unexplored design space. The most significant
parameters in resulting can geometry were the percentage of redraw and iron-
ing during the respective forming phases, as well as the redraw radius. De-
creasing the diameter of both redraw and ironing tooling rings resulted in a
longer and thinner can, as did decreasing the redraw radius. Whilst not an ex-
haustive study, the project ultimately demonstrated the viability of modelling
polymer-coatings using contact definitions in finite element analysis and paves
the way for further study into the polymer-coated steel can.
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Glossary

anisotropy Anisotropy (contrary to Isotropy) describes a material which ap-
plies different material behaviours in different directions. 17

axisymmetric Axisymmetric models convey a specified 1 radian slice of a cylin-
drical 3D model: the variables of which are applied per radian and cal-
culated as though it were part of a perfectly rotationally-symmetrical 3D
geometry. 24

bench-top Bench-top simply describes any apparatus used on a work surface,
as opposed to free standing equipment. Generally portable, or requiring
no professional installation. 90

blanks Blanks is a general term used to refer to the piece of metal which is
initially cut for further manufacturing processes. In the case of DWI, a
blank is a specifically sized disk, punched out before DWI processing. 5

bodymaker The term bodymaker refers to the general processing machinery
required to manufacture the bulk body of a can. In the case of three-
piece cans these processes include rolling and welding the seam. When
referring to a two-piece can, a bodymaker is the machinery combining a
high-speed punch and ring-dies which embodies the DWI process. 5

carbon footprint Carbon footprint is a colloquial term used to quantify and
compare the amount of carbon dioxide produced by a company, or par-
ticular process. In some cases the term is used to refer to the general
environmental cost. 1

continuum element Continuum elements are hexahedrons which contain nodes
at each corner, and interpolation points throughout the element. These
deformable elements are generally used in a wide variery of FEA applica-
tions, and carry engineering variables - configurable using complex ma-
terial models. 21

discretisation Discretisation is the term for the process by which continious su-
faces or functions are broken up into discrete parts. In FEA discretisation
concerns the processing of surfaces or volumes into mesh. 109

earing Earing is a metal forming defect characterised by a variation in height
of the final product. Usually earing is caused by anisotropic properties in
the raw material. 8
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encastre The encastre boundary condition defines a zero or fixed movement
for every available degree of freedom. 61

equiaxed grains Equiaxed grains are simply grains which have axes of similar
(or identical) measurement. 19

extensometers Extensometers are devices used to measure extension or changes
in dimensions of a specimen. Usually in metallurgy these will be of a sim-
ilar construction to strain gauges, but can often be as simple as a needle
and measuring stick separately affixed to a specimen. 15

grain boundaries Grain boundary describes the interface between metallic grains,
inevitably grains are misaligned at grain boundaries, causing different
properties between grains compared to within grains. 19

grains Grains in metal are singular crystals made of an uninterupted crys-
talline lattice of atoms. 19

ingot is the general term to describe a piece of metal which has been made into
a large block, primarily for storage, transport and further processing. 18

input file An input file (or input deck) is the text file which Abaqus solvers use
to read the information and data pertaining to the generation of an FEA
simulation. 68

isomers Isomers are chemical compounds with identical formula but differing
molecular arrangement (and thus differing mechanical properties). 30

load cells Load cells are metrology equipment used to measure a force across
the loading direction. These can function in a number of ways, often using
similar technology to a strain gauge. 93

parameterising Parameterising an input file describes the process of cross-referencing
certain dimensional values with a versatile parameter format. Param-
eterised input files allow changes to be made to the model using third
party software, or simply by changing simple values which derive many
others. 68

pugh matrix A Pugh matrix is a decision tool used to organise a disciplined
consensus based on the total score of various weighted criteria. Ideas or
designs are ranked according to suitability in categories or specification,
and each said category is given a weight. The product of the weight and
rank contributes to the score. 93

restart simulations Restart simulations are FEA simulations which import a
mesh geometry from a previous simulation, keeping all associated engi-
neering data within the meshed material. 52

rosette strain gauge A rosette strain guage setup describes an arrangement of
strain gauges at angles to one another in order to measure different direc-
tions or multi-axial strain. 14
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shell element Shell elements are two-dimensional elements often used model
a zero-thickness geometry, though can be used with extra interpolation
points to model thin materials. 21

shims Shims are simply arbitrary pieces of material used to fill gaps or slightly
increase dimensions. Shims can be measured in thickness, or randomly
installed until requirements are met. 113

simulation driven design Simulation driven design is a design process by which
failure modes, excess and unsuitable material or design aspects are iden-
tified by simulating the duty conditions of a design in a finite element
analysis. Usually done in an iterative approach, simulating again after
each issue is satisfied. 13

snagging Snaggin describes a problem with elemental distortion, which occurs
when contact is defined between two surfaces, and the nodes forming
them are caught upon one another (usually due to a large element size).
Once a node has snagged, it will continue to drag the rest of the surface
along with it. 50

springback Springback refers to the period of relaxation between forming pro-
cesses after tooling forces are removed. 38

steady state Steady state systems have reached a point of equilibrium, and en-
gineering behaviour does not change during the steady-state. 65

strain gauge A strain guage is a tool used for measuring strain changes in
a material, usually constructed from wire or foil on a flexible backing.
When force is applied in any direction, the resistance of the conduct-
ing material changes, which can be measured when passing a current
through. 13

stress concentrators Stress concentrators are generally referring to any feature
in a material or design which creates areas of concentrated stress. Some
typical examples would be notches, holes, or cracks. 14

surface to surface contact Surface to surface is a computational contact method
where surfaces (that being the interlinking segments between nodes) are
used as the basis of contact to other surfaces. This method generally pro-
vides cleaner contact for moving surfaces, but ignored node penetration -
which can lead to snagging issues if mesh is too coarse. 26

tear-off A tear-off is a failure mode during can manufacturing where a can
literally tears during forming, usually around the circumference of the
can. Tear-offs are usually caused by deviation in materials, or excessive
buildup of stress during processing. 10

three-piece can Three-piece can refers to a can design utilising a rolled and
welded construction, with separately manufactured caps and bases. These
cans are generally bulkier and heavier than their two-piece counterparts.
A typical "Baked beans” can is a prime example. 5
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trailing edge In canmaking, a trailing edge is the edge furthest from the tooling
when ironing occurs. For this thesis it refers to the top edge of the can (the
end where a can is typically opened). 54

transition fit Transition fit describes a compromise between clearance and in-
terference fits. Accurate placement is necessary but clearance or tolerance
is permissable. A transition fit does not require force to fit. 115

two-piece can Two piece can refers to a can design manufactured via the Draw-
ing and Wall Ironing method, creating only a cup and and a cap. These
cans are generally much lighter than their three-piece counterparts, as a
result of smaller wall thicknesses. A typical "Coca Cola” can is a prime ex-
ample . 6

Ultimate tensile strength Ultimate tensile strength is the maximum tensile stress
before which catastrophic failure occurs in a material (see ultimate tensile
stress). 61

worm Trails Worm trails are Ironing defects characterised by a gouged silhou-
ette along the ironing direction. Worm Trails are caused by trapped par-
ticulate preventing ironing between the blank and the tooling. 10
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Acronyms

CAE Computer Aided Engineering - generally referring to Abaqus in this the-
sis. 38

DIC Digital Image Correlation. 15
DOF Degree Of Freedom. 22
DWI Drawing and Wall Ironing. 6

FEA Finite Element Analysis. 13
FMEA Failure Mode and Effect Analysis. 99

GUI Graphical User Interface. 68
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Chapter 1

Introduction

1.1 Motivation for the project

This project Formability of polymer-coated metals undertaken with Crown Packag-
ing PLC. (Crown), explores prospective alterations to the current drawing/wall-
ironing (DWI) processes presently used in the construction of two-piece cans.
Currently, the process chain used for a majority of two-piece cans involves sev-
eral post-processes to clean, lacquer or otherwise protect both the interior and
exterior of the product - ensuring food safety standards or optimal printing
surfaces are achieved. These post-processes are an expensive addition to the

manufacturing process and mark a reasonable target for improvement.

By removing the in-house post-processes used in the two-piece can, and trans-
ferring them to the substrate manufacturing facilities, Crown hopes to reduce

the overall cost and environmental footprint of two-piece cans.

Metal sheet is manufactured at a mass scale, and the protective layer can be
more easily laminated on during this process of rolling and coiling, compared
to applying a protective layer after the metal production. In this way the costs
of purchasing pre-coated metal promises to be more economical than spraying
and curing the coating on each formed can, and produces fewer exhaust chem-
icals and grey water. In this sense the project improves overall sustainability

without simply shifting the cost or carbon footprint somewhere else.

Feeding a pre-coated substrate through the existing DWI machinery (bodymaker)
prompts a new set of challenges to investigate. A polymer coating alters vari-
ables such as friction and wall thickness, whilst potentially adding new defects
and failure modes relating to the polymer itself, or a new complex compound-

stiffness value for the can. Since DWI is a high-strain-rate, high-deformation

-1-



Chapter 1. Introduction

process, it is difficult to monitor engineering variables physically; and thus a
simulation-driven design is more feasible when exploring the effects of the new

substrate on the tooling (and vice versa).

Using both finite element analysis and physical testing, this project seeks to
map out some of the uncharted territory involved in performing the DWI pro-
cesses on polymer-coated substrates, and gain a better understanding of the

interactions between major variables.

1.1.1 Overview of the work involved

Chapter B of the thesis begins with a literature review of existing can-making
processes and industry, as well as exploring the types of metals widely used
in cans. The literature review examines methods used to test and model the

process, as well as establishing basic concepts discussed in the project.

The workflow then progresses in chapter B to demonstrate and explore the ca-
pability of finite element analysis modelling the complex DWI process for two-
piece beverage and food cans, using scripting capabilities to generate the finite
element analysis (FEA) models required, and explores the major FEA methods

suitable to the research.

Some material characterisation is pursued in the beginning of &, but ultimately
the available testing apparatus and methods proved unsuitable for precise ma-
terial metrology, and so the work was put aside in favour of a different mod-
elling approach. Instead, the bulk of the chapter explores the potential methods
of modelling the contact between polymer film and metal, and details the limi-

tations involved in current methods.

Chapter B follows the design, manufacture and testing of a custom bench top
ironing-rig, for use in a screw-driven tensile testing machine. This rig produces
slow-speed strip ironing in an open, observable apparatus which can be disas-
sembled to allow specimen retrieval mid-ironing. The rig is used in the project
to verify FEA models for both the polymer-coated material, and the DWI pro-

cess itself.

Chapter B follows by revisiting the polymer-coated material model, and ex-
plores a novel method of simulating polymer-coated steel using a force/over-
closure contact model in FEA, as opposed to meshing a polymer layer with fi-

nite elements. The FEA and ironing rig data are used in an optimisation process

2.
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to finely tune the polymer definition.

Chapter @ details the results of a design of elements (DoE) study using the as-
sembled FEA model for a polymer-coated food can, and explores the relation-
ships between various parameters and their interactions during the DWI pro-
cess. Two FEA DoEs are included, as well as a limited physical study from

Crown.

Finally chapter B covers the conclusive summary of the project, and investigates

the avenues of research which have been opened up by this work.



Chapter 2

Literature Review

2.1 Introduction

This project is scoped around improving the current manufacturing processes
of metal cans in both steel and aluminium at Crown Packaging. Though the
project will focus on the process behind two-piece cans, this review serves
as a complementary background knowledge to the metal packaging industry,
and covers all appropriate topics surrounding the processes used in package-
manufacturing. The project itself is an investigation into the feasibility and ca-
pability of utilising a pre-coated sheet of laminated metal in the body-making
process of cans, which would otherwise be coated in post-processing. As such,
this review will cover characteristic behaviours of materials such as anisotropy
and its effects on forming processes, as well as typical current production pro-
cesses and proposed alterations in the processing chain. Whilst some material
data is featured during this review, it is intended as a comparative reference to
the materials which may be used in the project, and not a characterisation of

materials exclusive to the can-making process or this project.

2.2 The metal packaging industry

Metal food and beverage containers are made using a variety of different meth-
ods, however the overall production line is generally similar. The main steps
in creating a food or beverage can are to create the body, top and bottom, and
finally an exterior coating for food-safety and decoration. Two methods have
dominated can-making in recent years; cans can either be two or three-piece

and this determines by which method they will be created [[1].
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2.2.1 Three piece cans

The three-piece can [2] is a design utilising three individual pieces of metal
for the body, top and base of the can. These cans are most commonly used in
the food industry, and often feature structurally ribbed surfaces which serve to
both increase rigidity, as well as provide a structure that is able to withstand

the pressure variations experienced during the sterilising stage.

FIGURE 2.1: Double seaming.

Initially, the three-piece can starts off as a sheet of metal (often steel) cut from
much larger reels. The metals used in this packaging process are coated during
manufacture, to protect product contents from the metal wall (and vice versa).
Foods stored within metal cans often contain high levels of acidity or alkalin-
ity, and can corrode the metal of the can wall during sterilisation or storage if
not properly protected. Protective layers can be either metallic or non-metallic.
Non-metallic coatings usually take the form of a liquid lacquer which can be
sprayed or rolled onto the formed sheet [B], (however a polymer coating can
also be used), whereas metallic layers are usually seen in the form of non-
reactive tinplate coatings [4]: which are either hot-dipped or galvanised onto
the steel [H].

The processed sheet is then cut into blanks which are used in the bodymaker
(the main tooling operations for creating the can). The blanks are shaped in a
rolling process to create a cylindrical shell with the desired wall thickness of the
can. Figure "2 demonstrates the process wherein the blank sheet becomes the

cylindrical body [6].
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FIGURE 2.2: Three piece can rolling and welding depiction.

After rolling, the blank is sealed along its seam, usually via welding but some-
times using an adhesive, solder or cement to adhere the two edges. Structural
ribs and aesthetic features can be added at this stage in order to customise the
shape of the can for purpose. Finally a flange is formed on both ends of the
body for use in the double seaming process illustrated in Figure T, and the
base of the can attached. A food-safe sealant is applied to the base during this
process to ensure a hermetic seal. At this point, if a non-metallic coating is
used, a final layer of spray-coated protection is applied to the inside of the can,
and a baking procedure ensures full curing of the coating. The can is tested for
leakage and then packed into its appropriate pallet. The 3 piece can (complete
with base), is illustrated in Figure 7. 3 piece cans are normally seamed with
one end, and then stored and shipped off to the appropriate food manufacturer,
where they are filled with their contents and sealed on-site. An air pressure test
is often undertaken to ensure that the seal has not been compromised at any

point before shipping for retail.

2.2.2 'Two piece cans

The second method of production produces a two-piece can. A two-piece can is
created using an entirely different process, and utilises a series or combination
of drawing, redrawing and wall ironing (DWI) metal forming processes[/]. Two
piece cans similarly begin as a large coil of metal, but are then punched out into
circular disks of metal (also referred to as blanks) and punched into cylindrical

cups in the same motion (Figure °3).

The cups are then sent via a conveyor system to a bodymaker, where the re-
drawing process occurs and wall-ironing process occurs. During redrawing,

the can diameter is reduced to approximately the final size, but wall thickness
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a b

FIGURE 2.3: Depiction of a DWI process (the orientation is usually depicted vertically).

FIGURE 2.4: Depiction of a Doming process (the orientation is usually depicted verti-
cally).

remains largely the same. Ironing involves forcing the can through a series
of ring-shaped dies, reducing thickness dramatically and increasing the height
of the can. Figure I3 shows a single step in the wall ironing process, but of-
ten multiple ironing rings are often utilised in order to reduce the per-step de-
formation. Between 5 and 6 cans can be manufactured per second in a single
bodymaker. Ironing rings are designed to create a smooth finish on the surface
of the can, and are thus kept at a regulated temperature using cooling and lu-
bricant streams. Whilst the metal experiences dramatic adiabatic heating as a
result of the deformation occurring, the process is still considered cold [8]. As
such, the piece experiences the usual advantages (increased yield stress with in-
creased strain), but also the various unwanted deformations and failures (due
to uneven stress concentrations) [9], commonly associated with cold-forming

processes.

After wall ironing, the base of the can is forced onto a dome. This process is
done by allowing the hollow DWI punch to continue along its trajectory, forc-
ing the can over a dome-shaped die, creating the structural dome at the base of

the can. (Figure L) The dome shape is inherently strong in its ability to resist



Chapter 2. Literature Review

the internal pressure of carbonated liquid. Anisotropy in the mechanical prop-
erties of sheet metal, the deformation during drawing and wall ironing is not
constant in all directions. As a result, the can will exhibit earing: regions where
wall heights deviate from the average [TO][TT][T2]. These ears must be trimmed
to give uniform wall height. Due to the different requirements for food and
beverage containers, the post-bodymaking processes differ. All cans must un-
dergo a cleaning process to remove any residue or precipitate from the previous
tooling processes. When the surface is completely clean, a similar printing pro-
cess as before is undertaken using rollers illustrated in Figure 3 to print the

desired design and subsequently varnish the can to preserve the print.

FIGURE 2.5: Depiction of a printing process.

After varnishing, the cans undergo an intense baking process to dry and set
the lithography. Directly after this process, a probe is inserted into the can and
the inside sprayed with a protective lacquer. As in three-piece construction the
coating prevents contamination as well as reaction between the contents and
the container. After spraying the can is baked once again in an oven, where the

protective coating cures completely, bonding to the interior metal [13].

Beverage cans are then necked to reduce the diameter of the aperture. This is
done by forcing the coated cans through a series of necking dies, which gradu-
ally reduce the diameter of the top of the cans, whilst retaining the shape of the
remaining body. Finally, the necked cans are then flanged and packaged into
large pallets which are then stored or shipped to their customers. As before, the

cans are only fully sealed once filled.
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FIGURE 2.6: Two-piece can design [14] FIGURE 2.7: Three-piece
can design [15]

2.2.3 Major differences between manufacturing routes

There are various differences between a three and two-piece construction can,
and it is difficult to quantify whether or not one is preferable in an overall
sense that covers technical, commercial, and environmental factors. Three-
piece cans are generally stronger structurally, as the steel wall thickness used is
far larger than the aluminium wall thickness often used in two-piece construc-
tions. Three-piece cans undergo a far less dramatic deformation during form-
ing, and appropriately hold less residual stress, whereas two-piece cans un-
dergo extreme deformation at very high strain rates and thus suffer from resid-
ual stress build-up [[6]. This residual stress and associated work-hardening
explains why two piece cans are made with much greater force. Financially,
the cost difference between the two methods is difficult to assess. Steel can be
more expensive than Aluminium, and more difficult to form, which is why DWI
processes tend to (but in no way exclusively, as this project demonstrates) use
aluminium, and the steel cans tend to favour the simpler roll/welding process.
Much higher forces are required to perform the DWI process on steel blanks,
which can significantly increase the production costs of can-making, compared
to using Aluminium. Whilst Aluminium is currently cheaper to buy as raw ma-
terial, the tooling and machinery required to setup a DWI processing line is far
more expensive than the roll/welding seen in three-piece cans. DWI processes
are associated with an increased capital investment, but can produce cans at a
much faster rate [17]. Subsequently, more packaging firms are investing in DWI

and Steel is becoming more common in two-piece cans [I8].
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2.3 Gaps in research and market niche

Capital investments are not the only difficulty involved with a DWI process
and two-piece cans. The extensive array of complex processing machinery re-
quired comes with a substantial requirement for both power and money, and
serves as the most obvious target for improvement. Due to the high strain rates
which are experienced by the blank during wall ironing, the tooling punch re-
quires considerable force, speed and energy to ensure that the cupped blank is
correctly ironed. The punch needs enough kinetic energy, hardness, and geo-
metric accuracy to ensure that it repeats the same cycle on each can and doesnt
compromise even the smallest tolerance in accuracy. Since the wall thickness
of the final product can be as low as 100 microns [I9], a small deviation in can
quality could result in failure of the can during forming, known as a tear-off.
Once the DWI process has been completed, the necessary lacquer must be ap-
plied in a separate step and baked to cure. This is undertaken in a separate

machine, which yields its own power, chemical and water requirement.

Power requirements are not the sole potential improvement in the two-piece
production line however, as arguably the largest ecological input from the two-
piece system stems from the cleaning of the cans between processes. Due to the
aforementioned fine tolerances required in DWI, any sediment or contamina-
tion on the tooling can create various defects: such as trapped particulate prop-
agating a silhouette during drawing (colloquially known as worm Trails). This
kind of defect occurs as a result of the metal blank being ironed between sur-
faces which are no longer smooth, due to a trapped contaminant [20]. An un-
clean blank or residual contaminants can also prevent full adhesion between the
tully formed metal can and the protective non-reaction layer of lacquer which
is sprayed on during the final post-processing steps. Failure of the polymer to
bond results in a container which is unfit for food or beverage use (in the case
of two-piece cans, beverage). Various other defects and failures can occur for
similar reasons; as such it is important to rinse the metal and tooling between

each process [19], which often requires the use of hazardous chemicals.

2.3.1 Project scope

Crown have identified these issues as a significant opportunity to reduce the
carbon footprint and ecological impact of their two-piece can production. Many

of the complexities involving the two-piece can processing system revolve around
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the requirement for food-safe coatings and recent concerns about Bisphenol A,
Chromium VI, and other commonly used volatile organic compounds (VOCs).
Crown have decided to investigate the possibility of utilising a pre-coated sheet
of metal in the DWI process. Polymer coatings act as protection against con-
taminants, and eliminate the post-processing involved with spraying on and
curing a protective coating. Removing these issues, as well as an entire post-
processing section would result in a significant decrease to the environmental
impact of creating two-piece cans. This implementation sees dramatically de-
creased water and power requirements and no foreseeable negative effect on
the functionality or recyclability of the finished can, however the process is not
yet fully understood. Modelling provides engineers with this improved under-

standing of the process, and helps to reduce failures during manufacture.

Conceptually, the introduction of pre-coated polymer sheet metal holds many
benefits over the existing processes. By purchasing pre-coated sheet the process
of coating, rinsing, and baking would be shifted up the manufacturing line
and become a task for the metal suppliers and not the packaging plant. Whilst
this is expected to drive the price up for the metal sheet, the cost is potentially
cheaper than the cost of spray-coating each individual can in a production line.
Metal manufacturers are much better equipped to mass-laminate the metal coils
without incurring significant cost disadvantage. In a process similar to that
displayed in Figure 8, the sheet metal can be coated after exiting the initial
rolling stage, enabling the polymer lamination before the sheet is even coiled
into the packaged state used for DWI. PET is featured in this example, but not
exclusively in the industry. Similarly, cooling processes can be air cooling or

liquid cooling baths.

PET coil

Steel coil

Heated rollers

Cooling bath

FIGURE 2.8: Depiction of the process by which steel is laminated with a food-safe poly-
mer coating.

Figure 9 and Figure 'T0 demonstrate the positive differences between the
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current system and the proposed improvements. Inwards-facing arrows indi-
cate materials consumed in the process, and outwards-facing arrows indicate
by-products produced. Post-processing cannot be eliminated due to quality
control systems, but a significant portion can be reduced. Crowns bodymaking
machinery are capable of outputting up to 6 cans per second. With the elimina-
tion of processes relating to coating, rinsing, and curing, the cost and ecological

footprint of each individual can will be driven down by an according factor.

Metal in, Lubricant & coz2 o2
cooling fluid used
Water used, Lacquer coating Ink, Lacquer
Wastage disposed of used coating used
DwI Rinsi Drvi Qutside Curi
insin in urin inti
process & rving coating g Printing
Off for filli Necki Inside .
or | ing/ ec |.ng/ Curing . Curing
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used

FIGURE 2.9: Flow chart of conventional two-piece can manufacture process.

Pre-coated metal in Lacquer coating

used

2 ]

DWI Oven e ) Necking/ Off for
. Printing Curing .
process setting Flanging filling

FIGURE 2.10: Flow chart of pre-laminated two-piece can manufacture process.

2.3.2 The application of Finite element Analysis in the project

In the past, the most effective way to investigate a proposed change in tooling

or machinery was to physically introduce the change in a pilot manufacturing
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line, and monitor the output of the physical product. Many industries still per-
form the majority of their testing in this way. Software utilising FEA has grown
more popular as computational technology has increased, and the advantages
of a computer simulated model have become increasingly apparent. Whilst the
advantages of a physical test trial are undeniable for physical observation, an
FEA solution consumes no raw materials and requires only program or coding
changes to explore alternative tooling and process parameters. A model can
be constructed in various manners and parameterised in such a way that a full
factorial of production trials with various tooling, speeds and forces can be rep-
resented and input using a series of text files. These text files can then be run as
a FEA simulation at any point and changes in parameters can be done readily.
Additionally, an FEA simulation poses no danger to operators and can be left
unmanned and unobserved safely. This advanced process allows a simulation
driven design where any design decision is made with a clear knowledge and
understanding of how it will impact product performance. This makes FEA
very advantageous to this project, being in essence a very experimental investi-
gation, and instead of having to build separate experimental processing rigs for
each trial where a major factor is changed (e.g. Ironing ring diameter), a sep-
arate simulation can be adapted, taking no more than a few minutes to adjust

such a parameter.

Advantages of FEA

Convenience aside, some of the major advantages to utilising an FEA approach
lie in the ability to visualise, illustrate, and probe results. FEA simulations are
not limited to measuring resulting geometry, they are just as capable simulat-
ing internal stresses, strains, deformations, reaction forces and almost any en-
gineering concept which may be applicable to the simulation. Conventionally,
when physically testing a specimen there are a variety of methods in which a
variable like strain may be recorded or monitored. A strain gauge (depicted
in Figure P°TT is the most common method of monitoring engineering strain.
Strain gauges are parallel arrangements of wire, with an insulated backing.
Electrical current is passed through the wire and the conductivity recorded.
When adhered to a specimen subject to a force, the strain gauge stretches or de-
forms with the specimen and the resulting change in conductivity is recorded

and processed as a measure of strain.
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FIGURE 2.11: Depiction of a strain gauge at rest, compressed, and in tension.

Strain gauges are reliable when working in one direction. If strain needs to be
measured in multiple directions, a rosette strain gauge (pictured in Figure P"T2)
may be used to better capture multiple strain directions. A Rosette arrangement
of strain gauges, all linked via the same computing or data-logging system,
allows the metrology of surface strain in multiple different angles. Calculations
can be done to derive the triaxial components of strain in the material [2T].
The negative aspects of using a strain gauge are the limitations associated with
surface adhesion. Itis very challenging to use a strain gauge to determine strain
within the cross-section of a specimen. If stress concentrators exist within the
specimen, a strain gauge will not be able to identify them, as the gauge works
only on surface deflection. An equal problem with strain gauges resides in
the physicality of the gauge itself. It is extremely difficult to apply a strain
gauge into environments such as a bodymaker. Naturally, any product present
between the punch and wall ironing rings could be destroyed, or otherwise
negatively impact the behaviour of the process and the can (see Figure IZT3).
Any data gathered would be useless and the final product largely unusable.

FIGURE 2.12: Depiction of a rosette strain gauge arrangement. Angles are chosen at
time of fixture but typically 45 degree increments are used
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Can wall

Strain gauge

Ironing ring

FIGURE 2.13: Issues using strain gauges with drawing and ironing processes

Strain gauges are not the only equipment with limitations to consider. Any
physical piece of apparatus will require attachment to the system in some way.
As mentioned, this attachment becomes an issue when attempting annular pro-
cesses such as wall ironing. In this sense very little recording equipment is
suitable for the task of directly monitoring a can bodymaking process. Gen-
erally, the most fundamental issues with physical testing revolve around the
inability (or limited ability) to accurately measure engineering variables across
a test specimen. This issue is not necessarily centred around the cross-sectional
area (which cannot be seen), many problems arise when attempting to measure
surface interactions such as displacement. Extensometers, whilst simple and
often effective, run into issues when performing on specimens which are of a
particularly small size or flexible structure. An alternative approach uses DIC
[?2] to monitor the movement of a speckled pattern which has been marked on
the surface of the specimen. Even such advanced technology can fall into error

however, as the process is limited by calibration and preparation.

FEA Functionality

FEA utilises a mesh of finite elements constructed from grids of nodes [?3]. Com-
plex calculations can be performed on each element by interpolating and in-
tegrating between these nodes, constructing a larger picture of the required

model. An example of a mesh can be seen in Figure "T4. An FEA uses these

-15 -



Chapter 2. Literature Review

elements to create a mesh for any deformable body, and can apply material
behaviour such as density or stiffness. Abaqus utilises a Newton-Raphson
method [24], [25] to integrate the approximate curvature of any model input.
This effect is hugely advantageous, as it allows the simulation to model and
record the engineering variables in places which cannot be reached or inter-
acted with in the real world. The result of this is the ability to measure variables
such as the reactionary hoop force within a wall ironing ring, or the strain ex-
perienced on a cross-section of a can wall. Any data calculated can be retrieved
from any part of the meshed model, allowing the inspection of failure modes
such as wrinkling and crack propagation. The different values for engineering
variables can be visualised in a meaningful and easily interpreted manner dur-
ing each time step of the simulation. This allows the identification of not only
the failures experienced, but also onset and propagation of these failures. Using
this information it is easier identified which variables require change as well as
when in the process the change should be introduced. Figure T4 demonstrates
the application of the finite element method on a drawn blank. The stress dis-
tribution is allowed to spread through the elements using integration points
between nodes. This is effectively similar to simply using more nodes, but is
less computationally expensive. FEA has been utilised for an expansive variety
of applications and the canmaking industry is no exception. Various processes
from cupping to curing are commonly modelled using FEA when a stochas-
tic approach is required, or specific data is required about the deformation or
stress /strain data during the process [26][27][?8]. Canmaking specifically poses
an extra set of challenges, as the high-speed forming processes undertaken dur-
ing bodymaking produce large-scale permanent deformation throughout the
can. The magnitude of both speed and deformation provide further challenges
for metrology using physical experimental research, and thus the industry ben-

efits even more so from the modelling approach.

2.3.3 Anisotropy in metals

Isotropy is the property of a material to be directionally independent - applying
the same material behaviour in all directions. Conversely, anisotropy describes
a material which behaves different depending on the direction of manipula-
tion. A number of factors are responsible for anisotropy in different materials,

however in the situation of sheet metal (as used in a standard DWI process),
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FIGURE 2.14: Abaqus simulation of axisymmetric drawing model after 0.025 seconds.
The colours indicate the stress distribution across the blank.

the main contributing factor is the oriented grain structure of the metals dur-
ing the rolling processes of sheet metal manufacture[?9]. Notably in hot rolling
processes, the high energy state during deformation drives nucleation of new
low-energy grains, which is responsible for fewer defects in the metal compared
to cold rolling[B0]. A metallic grain structure describes the separate entities of
nucleation caused by the solidification of a liquid metal. To fully understand
the characteristics of certain grains and their corresponding effects, it is neces-
sary to look further back in the journey of the metal which will be used in the
DWI process. The flow diagram in Figure "T3 demonstrates the journey of a

standard rolled coil of metal.

During Melting, a combination of desired metals and additives are heated in

a crucible until they become one molten alloy. This molten alloy is then cast
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FIGURE 2.15: Demonstration of the process by which a metal sheet is manufactured
from a slab [3T]

into a movable chunk of metal known as an ingot, or in the rolling industry a
slab. These slabs are then dipped into a vat containing a cocktail of chemicals
and acids, which cleans the surface of any unwanted oxidation or particulate .
At this point in the metals journey, these slabs can be shipped off to different
manufacturing firms: who can tool-forge, heat, or melt them according to their
own requirements. If metal sheet is required however, the slab is often moved
along the metal processing facility to be rolled between a series of large cylin-
drical rollers, which slowly decrease the thickness and increase the length. This
process can be done hot or cold depending on the characteristics desired, and
can include any number of pickling stages for surfacing effects. A hot rolled
sheet allows grains to shift and reform, as the rolling occurs above recrystallisa-
tion temperature. This minimises residual stress but also minimises any work-
hardening. Conversely, cold rolling forces the existing grains to elongate and
dislocate as they are force through the rollers, which increases grain length and
work-hardening effects. In the can-making situation, the metal is cold rolled
and work-hardened: giving a harder metal as a result [32]. Figure T8 de-
picts the (exaggerated) effects on grain structure when comparing hot and cold
rolling. The effects of this work-hardening can be significantly reduced by un-
dertaking an annealing process after the cold-rolling has occurred. Annealing
is treatment which involves heating the worked metal up beyond recrystallisa-
tion temperature (usually beyond 600 °C) and maintaining this temperature for
a period of time, before employing various methods of cooling. This process
allows recovery recrystallisation to occur - suppressing the dislocations which

are responsible for the hardening [B3].

2.3.4 Grain formation and relevance

Taking a more detailed look at the process allows a better understanding of
anisotropy. During the initial pouring stage, as the molten metal hits the ingot
mould and begins to solidify, nuclei of dendritic growths appear along sur-

face of metal as it contacts the (much colder) mould [B5]. As the molten liquid
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FIGURE 2.16: Depiction of hot and cold rolling processes. Note the differences in grain
structure by the end of the process. [34].

loses its bulk energy (to the mould or the ambient atmosphere) these nuclei
propagate and grow into small pockets of solid metal known as grains. As
the metal cools completely, these grains eventually meet one another and form
grain boundaries at the connection interface. Due to the nature of the molecu-
lar bonds the metal within the grain is far mechanically stronger than the grain
boundary itself, and subsequently causes a fault line along each boundary [B6].
Depending on the alignment and distribution, grains can dramatically alter the
mechanical properties of a metal. Generally, at lower temperatures there is lit-
tle difference in strength between the area of a grain and its boundary, however
at higher temperatures (similar to ones experienced as a result of high strain
rates), the differences in strength become far more apparent: as grain bound-

aries demonstrate a far inferior strength [37].

Rolling the metal ingot creates elongated grains in the metal sheet as any equiaxed
grains are flattened and stretched during the process [38]. At higher tempera-
tures, grains are stronger and better resist fracture within their own area than
along their boundaries, therefore a grid of long, thin grains will perform far bet-

ter when force is applied parallel to their length, but far worse when applied
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perpendicular [39]. At lower temperatures the the yield properties and elonga-
tion are slightly different. This is an important characteristic to consider when

cold-forming the metal further or generating heat.

The DWI process is advantageous when processing metals which have under-
gone heavy grain transformation. Since the punch applies a force normal to
the plane of the rolled sheet (and not specifically perpendicular to the elon-
gated grain boundaries), there is a minimised focus of stress in any particular
direction. Instead, the deformation occurs universally and radially around the
punch, ensuring that no particular direction of grains is more heavily stressed,
beyond any inherent weakness along a grain boundary. Figure T4 illustrates

the universal punching effect upon grain structures.

FIGURE 2.17: Illustration of a typical rolled grain structure and the direction of punch-
ing force disrupting the metal

2.4 Application of Finite Element Analysis

The FEA approach is capable of simulating a vast amount of different prob-
lems and arrangements, limited only by the availability of data and method
when constructing the model. During the models creation, a number of deci-
sions have to be undertaken in order to refine exactly the kind of simulative
output desired. These choices include the number of dimensions and the ele-

ment types, which will be discussed later on in this chapter. This project focuses
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on the application of commercial available FEA software Abaqus, though most

FEA software are based on the same underlying principles.

2.4.1 Element Family

Elements in Abaqus belong to a family which indicates the approximate be-
haviour and characteristics of the element. Each of these families holds unique
advantages and disadvantages during simulation; these can manifest in the
form of computational time or computation accuracy. It is important to choose
the correct element when modelling a simulation, as failing to do so may result
in skewed results, massive error, or at the worst majorly increased time taken to
simulate. Some of the most commonly used elements are illustrated in Figure
PI8. The first letter (or letters) featured in an elements name are indicative of
the element family to which it belongs. For example, an S4R element indicates a
shell element, CAX4R indicates a continuum element [?4]. Only a handful of el-
ement types are applicable to each individual modelling solution. For the DWI
model used in this course, a handful of elements are major applicants Contin-
uum, Shell, Rigid and Connector elements, which can again be seen in Figure
T8,

FIGURE 2.18: Element families used in abaqus [24]

Continuum elements are tetrahedrons or hexahedrons which contain nodes at
each corner, and interpolation points often throughout the element (explained
later). Continuum elements are easily the most versatile of the group, as they
can be assigned to almost any geometry in any model. They are generally the

most computationally expensive elements of each order, using the most nodes
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and integration points, and are thus often substituted for less expensive ele-
ments when possible. Continuum elements are not always more expensive
than other elements however, as there are many permutations of continuum
element and the number of nodes depends on many factors such as quadratic
or linear intergration approach. Continuum elements come in various varieties,
including elements with reduced integration and anti-hourglassing character-
istics [40]. Continuum elements can only translate in the three axes, and cannot

rotate.

Shell elements are similar to continuum elements in their application, except
that a shell element generally models a small-thickness geometry. This means
that shell elements are extremely applicable for applications loading in one or
two planes, but unsuitable for most applications requiring compression or ex-
tension through the thickness of the element. Many shell elements house inte-
gration points throughout a virtual thickness of the shell. These are more ap-
plicable to compression and extension along the thickness, but not as much as
continuum elements. Shell elements are much cheaper computationally as they
are 2 dimensional elements in 3 dimensional space; this makes them preferable
substitutes whenever the thickness loading can be ignored [21]. Shell elements

can translate in all three axis, and also rotate in all three rotationally axes.

Rigid elements do not perform the same functions as deformable elements in
FEA. A rigid element can be used as a contact surface but suffers from no defor-
mation or engineering strain in any plane or direction. Instead rigid elements
are used to simulate surfaces or geometries which have an effectively infinite
hardness and strength when compared to the deformable geometry - or where
the deformation behaviour of a part is irrelevant. In this project rigid elements
are used to simulate tooling and die surfaces minute degradation during duty

cycles is negligible during each simulation and can thus be safely omitted.

Finally, connector elements are used to simulate a spring, dashpot, or generally
any other inclusion used for damping or suspending. Connector elements are
mostly used for applications where connectors exist in the real model, however
they can be utilised as gap-fillers to ensure that stiffness matrices are balanced
in certain models and prevent large-scale deformations which can impede the
simulation. Springs and dashpots use a characteristic stiffness constant instead

of material behaviour models, and can act and move along any axis specified.
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2.4.2 Degrees of freedom (DOFs)

The DOF which an element can experience are a major variable used in Abaqus
calculations. DOFs are experienced by the element at each node (as follows
with all engineering variables). During stress/displacement simulation, the
DOFs are experienced as translations and rotations about the principle axes,

and during heat transfer simulations they are experienced as temperatures [24].

2.4.3 Nodes and order of interpolation

As mentioned previously, elements themselves do not technically exist as com-
putational geometric identities. Instead these elements are representing a series
of nodal points (nodes) and the interpolated lines between them (sides), depend-
ing on the element type [#2]. This means that only the nodes of the elements
themselves measure any displacements and at any other point in the element,
Abaqus will calculate the variables by interpolating these nodal displacements
[?4]. An order of interpolation is determined by the number of nodes in the
element; elements of only a few nodes (usually located at corners) utilise linear
interpolation between the straight lines and are thus referred to as first order
elements. Second order elements utilise additional nodes spanning along their
midpoints or sides and calculate using quadratic interpolation. The number
of elements used are clearly identified in the element name: usually the final

number indicates the number of nodes in each element. [43].

2.4.4 Integration points

Though interpolation calculates the behaviour throughout each side or length
of an element, it does not accommodate for the volume directly between all
nodes. Instead Abaqus utilises numerical methods to integrate any specified
variables throughout the volume of each element. This calculative approach
allows complete customisation in material behaviour. Using Gaussian quadra-
ture [24] for most elements, Abaqus is able to determine the response at each
and every integration point in an element (the number of which differs between
elements). Continuum elements can utilise full or reduced integration proce-
dures which significantly affects both the accuracy and computational time for
a given problem. Figure _T9 demonstrates how elements are named according

to their properties.
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FIGURE 2.19: A breakdown of the notation used for Abaqus elements

2.4.5 Modelling formats

Abaqus can model a problem in many formats, most simply separated into the
number of dimensions modelled. 1D, 2D, 3D, and axisymmetric (or 2¥2D) are
the major dissections for a model format (and corresponding element types) in
Abaqus. These dimensional models alter the available degrees of freedom for a
model, and where symmetry exists in a model certain DOFs may be ignored. A
1 dimensional model will have degrees of freedom only in the plane specified
(usually X or Y), a 2 dimensional model will have both X and Y translations and
rotations, and a fully 3 dimensional model will allow translation and rotation in
all X, Y, and Z axes. Axisymmetric modelling proposes a slightly different solu-
tion, and is unique in its application. An axisymmetric model conveys a speci-
tied slice of an annular 3D model: the variables of which are applied per radian
and calculated as though it were a 1 radian slice of a perfectly rotationally-
symmetrical 3D geometry [45]. This makes axisymmetric geometries suitable
only for applications where the original model has rotational symmetry. Fig-
ure and 7T demonstrate the differences between a 3D and axisymmetric
model. Both model types have applications for the DWI process; being a ro-
tationally symmetric process. Whilst axisymmetric modelling is a an order of
magnitude computationally cheaper and faster than 3D modelling, the latter
is necessary to accurately consider variations in behaviour around the central
axis of the metal annulus, and its appropriate responses during processing. 3D
modelling of some kind can never be neglected completely if directional effects

need to be considered.
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FIGURE 2.20: Example of a 3D model
with an axis of rotational symmetry (or
centreline) displayed in the centre

FIGURE 2.21: Example of an axisym-

metric model. The centreline can be

seen on the right, demonstrating the
slice effect

2.4.6 Standard and Explicit time integration solvers

Modelling with Abaqus concerns two major distinctions for the solver; mod-
els can either be solved in Standard (also known as Implicit), or Explicit (also
known as Dynamic explicit). The primary difference between the two solvers
is how and when the Jacobian stiffness matrices of the model are executed and
solved. For standard simulations the equations are solved for each time step and
must iterate to equilibrium before the step progresses for this reason Abaqus
standard tends to be more precise, but cannot adequately handle excessively
non-linear geometry, rapid strain-rates, or dynamic movement. In explicit sim-
ulations, the equations are solved based on the history of the previous time
step, and are solved without iteration. This enables the solvers to better assess
rapidly-changing geometries, but does so at the expense of accuracy: explicit
simulations can often diverge from the actual solution, and two identical sim-
ulations can calculate differing results. Implicit solvers are thus considered un-
conditionally stable whilst explicit solvers are dependent on a sufficiently small
time step to minimise the risk of divergence from previous time steps. Minimis-
ing the time step can result in large numbers of attempts between particularly

difficult solution steps: causing the dramatically increased time requirement for
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explicit solvers [26]. Implicit simulation is always preferred for slow or static
loading, but explicit is better suited for the rapid forming processes found in
DWI, assuming the time step can be small enough. Explicit simulations also
account for inertia and mass inputs, and so explicit is necessary to model reso-

nance or vibration in a system.

2.4.7 Contact Modelling

Abaqus models contact in one of two fundamental methods:
Node-to-surface contact discretisation.

In node-to-surface contact, each node on the slave surfaces interacts with a pro-
jected surface on the opposing master surface. Each contact moment involves a
single slave node and multiple master nodes in the proximity, through which
values of exact contact are interpolated. Slave nodes cannot penetrate the mas-
ter surface, however the master surface may penetrate the slave surface. Node
to surface contact is necessary for modelling sharp surface interaction such as
penetration, since the penetrating nodes are calculated alone. Figure 222 shows
the node-to-surface contact method and resulting penetration during different

meshes.

FIGURE 2.22: Node to surface contact, demonstrating penetration of the slave surface
by the master surface.

Surface-to-surface contact discretisation.
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In surface to surface contact contact, the slave and master surfaces are considered
in the same format. Contact moments consider individual slave nodes, but in
addition also consider adjacent slave nodes for an average calculation of con-
tact. Some penetration is possible at individual nodes, but large penetrations
of master into slave surfaces do not occur. Surface-to-surface contact is more
accurate when surfaces geometry is well represented, and is less sensitive to
master/slave designation[#7]. Figure 223 shows the surface-to-surface contact

method and resulting lack of penetration.

FIGURE 2.23: Surface to surface contact, showing no penetration between master and
slave surfaces, due to average contact calculations between surrounding nodes.

Contact can be tracked in eithetfinite-sliding or small-sliding approaches. Finite-
sliding allows contact sliding, rotation, and separation. Small-sliding assumes

that movement between surfaces is minimal, but is computationally faster.

In addition, there is also two difference enforcements of contact to choose from
when simulation in explicit solvers: kinematic or penalty contact enforcements.
Kinematic or hard contact is a method which advances the kinematic state of the
model into conditions calculated pre-time-step, and then calculates the penetra-
tion and movement of surfaces for a given time increment (without altering the
stable time increment). Opposing forces are derived to ensure no penetration
between surfaces and applied to each necessary surface. For this reason kine-

matic contact can be faster, but once the time step has completed and the correct
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kinematic state is achieved, it is possible for some penetration to occur due to
differences between the predicted effect and analysed effect. Kinematic contact
conserves momentum during contact by absorbing energy upon impact. For
this reason it is not preferable when contact forces and effects are being mea-

sured.

Penalty contact enforces fewer contact constraints on the model, but instead
enforces a penalty stiffness to the contacting surfaces, with an automatically
calculated spring constant. This spring effect allows the conservation of energy
during contact, but can influence the stable time increment, slowing down the
computational step. Due to the ability of penalty contact to conserve impact

energy, it is preferable when modelling rigid surfaces [48].

For this project, all explicit simulations will be modelling surface-to-surface,
finite-sliding contact using penalty enforcement to account for the high-speed

impact between tooling dies and the can during forming.

2.4.8 Layer Modelling

One of the most unique aspects of this project is the intent to model the fully
bonded pre-laminated metal sheet during the DWI and full forming processes.
Whilst usually a complicated task, Abaqus is able to model full bonded contact

between two materials in a multitude of different methods.

Modelling a blank with the final resulting thickness of a pre-laminated piece
allows a partition to be created along the known thickness of the polymer layer
away from the geometric surface. This partition allows multiple sections to be
assigned throughout the single model geometry, and as such multiple mate-
rial properties to be applied [49]. This means that Abaqus will model a single
piece as though it were constructed from multiple pieces with shared nodes
(each with their corresponding mechanical or thermal properties), joined at the
partition line. The issue with this method is the inability to specify a contact
bond behaviour. Abaqus will model this solution as though the two sections
are inseparable which makes the solution suitable for problems investigating
different deformation or strain experiences during the process, but unsuitable
for any application demonstrating delamination between the polymer coating

and the metal substrate, or peel-off as a primary failure mode.
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Additionally Abaqus can utilise a contact interaction for which a specific pair of
surfaces can be assigned a specific behaviour. This method is extremely useful
for the lamination application; contact strength can be modelled in such a way
that the resulting solution will accurately portray any delamination or cracking
suffered as a result of the DWI process [50]. This function is extremely useful for
later investigative models, however it is once again computationally expensive,

so partition methods are usually more suitable.

Investigating contact modelling using the most effective and appropriate meth-
ods is a major part of this project. Since the unique hook is the layering of
polymer coating, it is important that this layer can be adequately modelled in
a realistic and meaningful way which will enable an accurate representation of
the real-world processing. It is likely that various mechanical tests will need
to be undertaken in order to completely validate any contact models, along
with the failure modes which flag up as problematic during simulation. Dis-
crepancy between simulative and testing behaviour highlight a need for more

refined simulations.

2.4.9 Limitations of FEA

Finite element analysis is not without limitations. An FEA model relies on em-
pirical data in order to be able to accurately reflect a process or material. Any
material used in an FEA simulation must be characterised according to the sim-
ulation parameters. For example if damage is to be modelled, a damage crite-
rion must be numerically specified with accurate data. FEA is not an exhaustive
approach to process investigation, and to have confidence in modelling results
some kind of validation must be performed which demonstrates a favourable
comparison between the simulation results and real experimental or trial re-
sults. Validation is often done on simple models in order to verify individual
methods against appropriate specimen testing, and then more complex models

can combine verified methods without the requirement for complex validation.

2410 Isight and automation

Simulia Isight is a software automation package which allows various cross-
disciplinary models and applications to work together in a single process. Dur-
ing this project, Isight is frequently used as a means of optimising Abaqus mod-

els via a method of measuring model outputs in order to inspire future model
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inputs, in a loop of FEA runs. As an optimiser, Isight effectively substitutes re-
sults from an FEA run into a feedback loop of generated input files, in order to

slowly converge results towards a desired point.

Isight is also capable of creating a Design of Experiments (DoE) study, mapping
out an unknown design space using a variety of numerical methods. Creating
a table of unique values for multiple independent variables in the FEA run, the
DoE can be used to efficiently cover a large array of unknown parameter com-
binations. Ultimately these results can be used in a response surface method
calculation, which allows accurate prediction regarding the relationships be-
tween independent and dependent variables, as well as interactions between

multiple independent variables. This method is also utilised in this thesis.

2.5 Material data and properties

The two main materials used in food and beverage can production are Steel
and Aluminium. The project will be focusing on TH330 steel and a range
of 5000 series Aluminium: both materials which see global use in can body-
making. Both Aluminium and Steel have isomers with a face-centred cubic
(FCC) allotropic forms, whereas Steel also has Isomers with a body-centred cu-
bic (BCC) allotropic form, and subsequently higher strength properties. Figures
and Figure 75, picture the differences in structure between the BCC and
FCC formes.

FIGURE 2.24: Example of a body centre cubic allotropic form [5T].

Steel metallurgy is more complex than aluminium, and exists in many forms

-30 -



Chapter 2. Literature Review

FIGURE 2.25: Example of a face centre cubic allotropic form [61].

depending on how the steel was quenched during manufacture and the inclu-
sion fraction of carbon. There are three individual phases of steel - cemen-
tite, austenite, ferrite. Martensite, whilst not a phase, is noted as a specific mi-
crostructure within the ferritic phase. The phases of steel and their dependency
on temperature and carbon inclusion can be seen in figure Z76. Low-carbon
steels like TH330 are characterised by martensitic inclusions in a ferritic matrix:
which provide a combination of ductility and strength due to a high rate of
work-hardening during initial plastic deformation [b2], making it a very suit-

able material for the DWI manufacturing process.

Both of the materials which stand to see use in the project are processed by cold-
rolling ingots into coils. This cold rolling, as discussed previously, allows for a
work-hardened material. This characteristic is extremely useful for use in metal
packaging, as it allows for a tougher and stronger material despite an extremely
thin wall thickness application [32]. Figures 227 through graphically illus-
trate the mechanical behaviour of alloys Steel TH330, and Aluminium AA5352.

Steel suffers less directional effects than aluminium, and the stress/strain curves
are more closely clustered than in the aluminium. The difference in stress be-
tween orientations (the point at which the lines visibly split) begins far earlier
in the steel, at around 0.025% plastic strain, and this difference remains constant
for the rest of the curve. Aluminium on the other hand, begins to split at around
0.01% strain, and this difference slowly increases as the strain progresses. From
this data anisotropic behaviour is far more prevalent in aluminium at higher
plastic strains, and less so for steel. The maximum difference in proof stress
between orientations at 25% proof stress is approximately 22MPa for AA5352,
and 10MPa for TH330. Given the cylindrical nature of the DWI process, there is
no use in orientating the blank with or against the rolling direction, as forming

will occur both with and against the elongated grains. For this reason, the data
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FIGURE 2.26: Stable iron-carbon phase diagram for steel [53].

demonstrates an advantage of using steel compared to Aluminium.

The mechanical behaviour of polymers are much different than metals. Unlike
the ionic lattice strucutre of metals, polymers are structured by long molecular

chains, held together with Van der Waals forces. This structure is not as strong
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10000 Elastic region of Steel TH330 and Aluminium AA5352
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FIGURE 2.27: Graphical comparison between average stress and strains in the elastic
region, for various orientations of TH330 Steel and AA5352 Aluminium found in figure
and

FIGURE 2.28: Stress and plastic strain data for unstoved TH330 Steel after yielding.
[54]

as the ionic lattice, but strengthens during the sliding dislocation and interlock-
ing of the long polymer chains, and can experience a much higher degree of

strain before fracture.

PET is a semi-crystalline polymer with notable stiffness and strength, owing to

the presence of a large aromatic ring in its repeating molecular construction[b6].
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FIGURE 2.29: Stress and plastic strain data for AA5352 Aluminium after yielding. [54]

FIGURE 2.30: Engineering stress/strain diagrams. (a) PET-1: (1) Unrolled sample and (2-4)

samples with rolling ratios of (2) 1.23, (3) 1.38, (4) 2. (b) PET-2: (1) unrolled sample and (2-4)

samples with rolling ratios of (2) 1.2, (3) 1.38, (4) 1.5. Curves 2-4 are shifted by 20, 20, 60%
along the deformation axis for clarity. (sic) [B5]

During drawing or rolling processes the long polymer chains are stretched and
aligned which further increases these properties. The PET stress/strain re-
sponse seen in figure demonstrates a typical response following a distinc-
tive yield stress, followed by strain softening (the dip in the curve) and strain
hardening which notable increases at larger strains [67]. This effect is not seen

in the metals, which follow a simpler elastic/plastic yielding response.

Figure 30 demonstrates a significantly reduced resistance to deformation when
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comparing a PET film with the two sheet alloys. Steel for example, requires
around 450MPa of force to produce 0.25% plastic strain. However, some vari-
ants of the PET film required only 100MPa to produce 400% strain, but did not
fracture at this strain. Equally, the yielding stress on some PET films occurred
at approximately 10% strain, whereas steel and aluminium yield at 0.0012 and
0.0028 respectively. This comparison demonstrates the higher extend of defor-

mation which polymers can experience.

2.5.1 Conclusions

This literature review has highlighted some of the challenges of introducing
polymer-coated metal into the two-piece can-making process, and shed light
on the industrial and metallurgic background associated with the project. It
was drawn attention to the important of material selection, as well as the fun-
damental differences involved between processing aluminium and steel. The
review has demonstrated the utility and value of FEA as tool to hypothesise
and validate physical experimentation. The remainder of this thesis will ex-

plore the major steps of work responsible for completing this investigation.
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Modelling the Ironing Process

3.1 Introduction

This chapter begins the main bulk of the project by introducing the concept of
modelling the main bodymaking process using finite element methods. The
aims of this facet of the work are mainly to investigate the different approaches
to modelling in general, and determining the suitability of each particular method
for modelling a can in a DWI process. By the end of this chapter the work will
have outlined the differences between modelling the Aluminium beverage can
and Steel food can bodymaking processes, as well as discussed the use of var-
ious user interface tools for use in setting up or automating the execution of
said models. Finally the different types of solver will be investigated, with
the intention to find the most advantageous modelling approach for the high-
speed, multi-tooled DWI process and additionally highlighted the challenges

involved.

3.2 Aluminium Beverage Can Modelling

3.21 Modelling the DWI process

The DWI process proves challenging when gathering engineering characteristic
data. Whilst it is possible to measure certain geometric or visual variables on a
formed can, the measuring of engineering variables such as stress and plastic
equivalent strain is far more difficult. Aggressive ironing reductions between
two tooling surfaces combined with a closed annular tooling construction ren-

der a cross-section view impossible in physical machinery. This issue highlights
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the advantages of FEA mentioned in chapter D, and justify the use of computa-
tional models for metrology when physical tests are unsuitable. For this reason
this project focuses on FEA simulations as a primary research mode, but fea-

tures experimental testing to validate and verify models at various stages.

Models were initially built in Abaqus CAE, a commercially available FEA pre-
processor. Levels of complexity were added until a full can model had been
made. The earliest models served only as points of reference between the
project’s work and Crown’s existing data about the process. It was important
to certify that the simulations would yield realistic results before moving ahead
with the more advanced and computationally expensive models mapping more

uncertain territory.
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Cupping
punch p,
Cupping
Die
Redraw Punch
Redraw Die

FIGURE 3.1: Axisymmetric view of the cupping and redraw processes modelled in
Abaqus.
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Figure B demonstrates the layout of the first milestone simulation achieved, a
330ml 65mm diameter European beverage can model. The geometry modelled
the cupping/drawing and redrawing process, but did so as though operated
by a single machine. In reality, these two stages are performed in different
machines, and the cupped blanks appropriately experience a period of stress
relaxation (or springback) between the two processes. At the beginning of the
modelling stage it was more important to observe and test the behaviour of ele-
ments during simulation, so the process was kept simplistic. For the beginning
a simple aluminium material was generated with properties visible in table B
and Figure B2, and applied to the entire mesh via a tabulated plastic deforma-

tion model in Abaqus.

The tooling was modelled as analytical rigid surfaces in CAE. Modelling tool-
ing as rigid is appropriate when variables experienced by the tooling are con-
sidered negligible compared to the deformable mesh (data concerning forces
acting upon the tool is still gathered for a rigid surface). The blank was meshed
with CAX4R axisymmetric continuum elements in a dynamic simulation. Due
to the symmetrical nature of the can, the advantages in computational time

make modelling in axisymmetric preferable in this scenario.

TABLE 3.1: Material properties for simple aluminium model.

Density (kgmm~—3) Young’s Modulus (MPa))) Poisson’s Ratio
0.0027 70000 0.3

Figure B3 depicts the Von Mises stress distribution across the blank after the
first stage of cupping is complete. The cupping die can be observed on the left,
and the cup rests upon the redraw die; the punch has been hidden from view.
The bands of increased stress were consistent with similarly simulated data
from Crown, and the elements across the thickness kept similar aspect ratios
during ironing. This favourable comparison indicated that there would be no
issue continuing with the modelling approach and thus could progress to the

full DWI process model.

A full DWI model was the next major milestone in the project, though still func-
tioning primarily as an indicator of forward progression rather than yielding
workable data. The model was simulated using dynamic explicit time integra-

tion, with arbitrary clamping loads of 1kN to secure the blank during cupping,
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FIGURE 3.2: Graph displaying true stress vs plastic strain for test model aluminium
AA 5352 series [b8].

FIGURE 3.3: Diagram illustrating the Von Mises stress distribution of an AA5352 blank
after cupping.

and a friction coefficient of 0.1 (both industry recommendation). The geome-
try was kept as simplistic as possible to reduce computational load: fillets were
used to round off corners, and tooling complexity was compressed to simple

curves. The models naturally kept distances and thicknesses within realistic
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tolerances to ensure that the transition to more advanced models was minimal.
Figures B4 and B3 illustrate the process of the full DWI (Legend is identical for
both Figures) . The images have been clipped to highlight the aspect ratio and
certain tooling has been minimised in the viewport to allow for better observa-
tion of the blank. The progressive equivalent plastic strain distribution demon-
strates that the ironing is interacting in a realistic and desired manner: illus-
trating a work-hardening behaviour which was expected during ironing. The
change in aspect ratio similarly demonstrates the correct material behaviour
during ironing (namely a decrease in wall thickness and an increase in length
[AY],[B0]). It is worth noting at this point in the simulation progress, that no
damage criterion was specified in Abaqus, and so the metal could experience
conditions beyond failure, and so failure can only be predicted by evaluation of

numerical stress and plastic strain distributions.
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2 3

FIGURE 3.4: Progressive stills from the full DWI process performed on an all-
aluminium substrate. Stages 1-6.
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FIGURE 3.5: Further Progressive stills from the full DWI process performed on an all-
aluminium substrate. Stages 7-12.
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3.2.2 Maesh sensitivity study

Once the full DWI model was working as intended, a mesh sensitivity study
was imperative to determine the effect on mesh density on results data. Al-
though the data collected is not usable as process results, the mesh sensitivity
study is a good indicator of the scope of mesh which will be required to main-
tain an accurate result throughout changing variables in future DWI simula-
tions. For this reason it is likely that once reliable material data and more ac-
curate geometry is implemented, the mesh sensitivity data collected will serve
as a reasonable starting point for a future study. The mesh sensitivity was un-
dertaken on the same blank model as previously seen in figures B4 and B3 The
density variables are listed in Table B2 (where 4, 6, 8 are the elements along
the width, and 125, 250, 500 along the length). Although some mesh densities
result in the same total number of elements, it is important to understand that
the differences in mesh geometry mark these as fundamentally different mesh

densities, and one should expect different results from each.

X 4 6 8

125 500 750 1000
250 1000 1500 2000
500 2000 3000 4000

TABLE 3.2: Mesh sensitivity study mesh densities for the aluminium beverage can DWI
model.

FIGURE 3.6: Diagram showing the biased mesh distribution during the mesh sensitiv-
ity study on all-aluminium DWI.
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The computational time taken to complete a simulation is governed by the the
stable time increment: which is itself affected by various factors including the
size of the element, number of elements experiencing contact with other sur-
faces [61], and the differences in density between all materials used. Finding an
appropriate mesh density is an important task to ensure that the models can run
as fast as possible whilst keeping maximum accuracy. For this reason, the ma-
jority of the blank which did not experience ironing was meshed using larger
elements, as the results for this region can be largely ignored. Figure B-A demon-
strates the distribution of elements along the blank. A 2:1 ratio bias was used to
ensure that the area experiencing the maximum deformation (namely the trail-
ing edge of the blank) was meshed as densely as possible whilst reducing mesh
in unimportant regions. The bias towards the trailing edge of the blank was a
decision supported by the nature of the ironing process. Since the substrate is
undergoing plastic deformation during the entire process [62], and the leading
edge of the can is essentially pinned to the punch - clamped between the punch
and the ironing rings in each phase (see Figure B7), the ultimate direction in
which the plastic deformation travels is away from the punch end and towards

the trailing edge. Generally speaking the deformation at the cut edge of the

A

blank is far higher than at the centre.

Compressive force between
the ironing ring and
downwards-travelling punch
(not pictured) prevents
drags deformation up
towards trailing edge.

AAA

:

v

FIGURE 3.7: Diagram showing the pinching stresses between the punch and the iron-
ing ring (causing deformation to occur in an upwards direction).

Figures B8 and B9 demonstrates the distribution of plastic strain and Von Mises
stress after the final ironing process has completed. It is clearly illustrated that

plastic strain increases from the leading to trailing edges of the can, and the Von
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Mises distribution shows a maximum at the trailing edge (the last place ironing
occurred) at the process moment pictured. Though it may seem important to
finely mesh every moment of contact during ironing, the process actually be-
comes steady state after contact forces equalise, and the engineering variables
experienced will be largely the same throughout the ironing stage (from contact

to release) [b3].

FIGURE 3.8: Diagram showing the FIGURE 3.9: Diagram showing the Von
plastic strain distribution of the fully Mises distribution of the fully ironed
ironed blank. blank.
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A mesh sensitivity study was undertaken by applying three element thickness
densities (4, 6, 8) across three length densities (125, 250, 500) and simulating all
nine meshes on otherwise identical DWI beverage setups. Figures B.10 through
illustrate the results of the mesh sensitivity study. Data was probed from
the single node upon which all forces and variables experienced by the ironing
punch are projected throughout each simulation, so the forces are comparable.
The shape of the graph depicts the Redraw-Ironing process, and from left to
right the spikes in reaction force illustrate the four contacts: the redrawing die
is contacted at around -10mm displacement (the punch travels along a negative
Y axis in the simulation), and initial contact with the three ironing rings occurs
at approximately -130mm, -230mm, and -330mm respectively. Since the punch
was modelled to be travelling at a fixed speed throughout the simulation, the
displacement data can also be used to demonstrate the proportional lengths of
time during which the ironing occurred at each ring by observing the rise and

fall of force data at these locations.

All simulations demonstrate visible fluctuations in reaction force during the
steady-state ironing stages. This behaviour is difficult to quantify, but it is pos-
sible that oscillations due to friction are being accounted for, since the simula-
tion runs in explicit (which models inertia and thus vibration). Since methods
using dynamic explicit time integration model vibration, and standard implicit
methods do not [p4], an implicit study would clarify these queries. Ideally a
physical study would put the investigation to rest, however no such metrology
equipment was available which could measure vibration during the ironing

process.

Beyond the question of oscillations, the graphs still provide useful data regard-
ing the effects of the mesh density on ironing results. In all nine simulations the
mesh of 125 length experiences far higher nominal reaction forces during the
second and third stages of ironing, showing an increase compared to the 250
and 500 length experiments in every element thickness. This indicates that 125
elements in length is clearly too few, as meaningful differences in results are oc-
curring. The same conclusion cannot be drawn between 250 and 500 lengths as
the oscillation obscures any differences in reaction force. Similarly in all three
graphs the reaction force of the 125-length does not settle back towards zero,
despite all experiencing ironing for the same time/displacement. This may in-
dicate a snagging or hyper-deformation behaviour [b5] of the elements - which

can negatively affect the forces applied to the punch. For these reasons it can
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generally be considered that 125 elements in length is too few for this type of

geometry.

Figure B.T3 compares the evolution of reaction forces from 3 summary densities:
4 thickness: 125 length, 6 thickness: 250 length, and 8 thickness: 500 length.
This serves as a generic coarse, medium, and fine mesh plot, and provides a visual
representation of the differences between these milestone densities. From this
graph, the disqualification of the 125 length meshes can be observed, however
the remaining two curves are very similar. The fine mesh reads higher reaction
forces than the medium throughout the initial ironing stage, but this is not the
case during the second ironing stage: where the medium curve reads higher
peaks than the fine. This discrepancy highlights the need to later investigate the

oscillation behaviour in the simulations.

3.2.3 Restart Analyses

Modelling the entire DWI process requires a complex simulation with multiple
forming steps: demanding a proportional computational time if no accuracy-
affecting debugging short-cuts (such as mass-scaling) [b6] are used. For this
reason progressing forward with simulations and the requirement of a trial-
and-error debugging approach raises a concern with computational time. Each
different iteration only changed perhaps a single variable, such as a clearance
or geometry of one piece of tooling, but required an entirely new simulation
to be completed. Often the results gathered were right at the end of the iron-
ing process, or were focused on an interaction in the very late stages of the
process. One solution would appear to be simply simulating the latter half of
the process: selecting a point before which data did not change and simulating
from there onwards. However, the nature of drawing and ironing is such that
the extreme plastic deformation [62] combined with a non-heated pressing pro-
cess [b7] creates a resulting residual stress distribution [16] and work hardening

which cannot be easily implemented into a material definition.

Using restart analyses allows the reduction of run times by using a previous
simulations output as the starting data for a new simulation with identical
meshed geometry. In this way, a cupped blank can be imported as an engi-
neered part as opposed to a fresh CAD part, or a can can be imported into a
different simulation after partial ironing. Figure BT4 demonstrate the differ-

ences in stress distribution when modelling a curved cup from the beginning
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of the redraw stage against Figures B8 and B16, which show the stress and
PEEQ distributions of a restart-imported cup. A restart analysis is far superior
to importing a "deformed" CAD part as engineering properties from a previ-
ous process like work-hardening[b8], residual stress, and plastic strain are all
retained in the model. Equally, a restart analysis is generally superior to a full
simulation when the previous forming process and geometry is not being al-

tered between runs.

FIGURE 3.14: Stress and PEEQ overlay distribution of a “fresh” modelled cup (Both
Stress and PEEQ are at 0).

Figures B14 through BT8 demonstrate the need to preserve the material state
obtained during all stages of the DWI model in order to preserve the overall
material data of the model. Omitting any step of simulation in an attempt to
cut computational time down would simply render any results inaccurate - as
the corresponding chunk of engineering variables associated with the process
would be similarly omitted. This issue can be solved using restart simulations
formats. Restart simulations allow the resumption of completed or partially-
completed simulations, continued in a further process [69]. A model can be
partially completed, and then imported to a Restart simulation - which subse-
quently imports all of the material data and engineering properties of the ge-

ometry at a specified step, allowing the remaining processes to be simulated. To
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FIGURE 3.15: Stress distribution of a simulated ‘cupped’ cup from a restart analysis.

FIGURE 3.16: PEEQ distribution of a simulated ‘cupped’ cup from the same restart
analysis.

better illustrate this idea, Figure BT4 demonstrates the very beginning of a sim-

ulation (where step time = 0). The material state data including Plastic strain,
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stress, etc has been imported to the unsolved model. Restart simulations prove
a useful tool in this project, as the method allows various changes to the ironing
parameters without necessarily having to re-run the cupping process (which
would otherwise remain unchanged). In this sense computational time can be
cut down somewhat without diminishing any results whatsoever. Restart files
are limited however, in the sense that imported geometry cannot change - so
a bodymaking ironing process could not be restarted using a different mesh to

the one used for cupping.

FIGURE 3.17: Diagram of Abaqus CAE interface from a restarted file, demonstrating
the saved data at a zero step time: before any simulation has been undertaken.

3.2.4 Updating geometry

An issue was identified with deformation occurring in the final ironing stage of
the model, towards the tip of the trailing edge. Figure BI8 exhibits the issue.
The problem concerned a skewed deformation in the final elements, possibly
caused by snagging, or an excessive ironing ratio. Behaviour highlighted in fig-
ure BT8 demonstrates penetration between the blank elements and the punch -
despite specifying a surface-to-surface contact pair which bars this interaction.
Whilst surface-to-surface contact generally tries to solve contact with no pene-
tration when an element deforms dramatically enough to stretch or push nodes
through the tooling geometry, contact becomes difficult to solve and penetra-
tion is often the result. The deformation of the trailing elements into long thin

triangles may indicate a general pinching phenomenon occurring during the
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tinal ironing moments, as it is expected that all elements react largely the same
during deformation. These issues mean that any results taken from those ele-
ments or nodes may be compromised - as they are acting unlike any relevant

material.

FIGURE 3.18: Diagram showing two close-up views of the trailing edge after excessive
and unwanted deformation patterns.

After some investigation it was discovered that the cause behind this deforma-
tion problem was likely the geometry of the ironing punch. At this point in
the project the models were accurately representing most clearances and thick-
nesses of tooling and substrate, but the punch geometry was still modelled as a
very basic curve. In reality the ironing punch geometry is much more complex,
and the reasons behind this complexity play a part in the reduction of stress
and strains towards the trailing edge. Figure BT9 demonstrates the differences
in geometry between the old punch (left) and the newly updated punch geom-
etry (right).
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J /

FIGURE 3.19: Diagram showing the differences in geometry between the simplified
punch model (left) and the updated model (right). The red line indicates the path of
the blank during processing.

Though not pictured, the geometry along the length of the punch is also altered.
Originally a directly straight line was used to model the contacting side for
simplicity, however the industrial punch geometry features a series of shorter
straight edges, conjoined via tangential intersections of varying radii. This fea-
ture allows the punch to slowly reduce in diameter as the length progresses,
which allows the clearance between punch and ironing die to proportionally
decrease as ironing progresses. Figure represents the changing Equivalent
plastic strain experienced by 1 element at the tip of the trailing edge, on the
side meeting the ironing ring. Figure clearly demonstrates similar plastic
strain, until the final ironing stage where the advanced punch geometry shows
significantly reduced plastic strain. This difference in forming is an intentional
step to aid the necking process: which cans undergo after DWI to obtain their
tinal shape. Excess material must be left at the cut edge to prevent failure dur-
ing necking [70]. The simplified punch was creating ironing conditions unlike
those experienced by the blank during a comparable bodymaking process. Fig-
ure B21 similarly reinforces the theory, and demonstrates an identically scaled
stress distribution of the old and new punch geometries effect on the trailing
edge of the blank. The model featuring newer punch geometry demonstrates
lower peak stress and lower stress concentration around the tip of the trailing
edge (peak stress is red) accounting for the section left for necking. Retrospec-
tively, whilst the simple punch geometry was unlikely to ever yield a realistic

can, it was not a certainty that the alternative would lead to model failure. This
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information confirms that any DWI process simulation (diagnostic or other-

wise) needs to feature the full tooling geometry or risk model failure.
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FIGURE 3.20: Graphical representation of the time-derived plastic equivalent strain
experienced by the final element contacting ironing dies on the trailing edge.

FIGURE 3.21: Comparison of the Von Mises distribution at the trailing edge of a blank,
when using the old (left) and new (right) punch geometry.

Figures and BZT demonstrate both stress and plastic equivalent strain of
the problematic trailing edge are dramatically reduced by switching to the more
complex punch geometry. Moving forward this serves as a reasonable basis of
understanding the relevance and importance of including all tooling geometry,

else loads and deformations could be incorrectly calculated.

-58 -



Chapter 3. Modelling the Ironing Process

3.2.5 Simulating coated substrates

Among many methods of modelling a multi-material model, the simplest at
this time was to simply apply different material properties to separate parti-
tioned geometry in the model. This strategy did not account for an interface
layer between the two materials, and would thus not allow for modelling of a
de-lamination fault, however discussions opted to focus progression on strain
data throughout the metal, so a bond interface was assumed negligible at this
time. The only data obtainable for rolled PET was a full stress/strain graph
(Figure B22): in order to obtain the plastic strain values equation (B1) was
utilised. If de-laminaton failure modes were considered important, an alter-
native approach would be using a *TIE or other interaction to join separate
meshed entities. In this situation however, a bond interface would first need to

be characterised for numerical input.

o
Eplastic = € — Uelastic -*- Eplastic = € — E 3.1)

These plastic strain values were then plotted against stress in Microsoft Excel,
where the data was smoothing using a line of best fit tool with a sixth order poly-
nomial in order to match the curve. Once these polynomial equations had been
obtained they were then used to generate standardised stress/plastic strain val-
ues in a format suitable for a plastic behaviour model in Abaqus. Equations
(B2), (B3), and (B4) demonstrates the equation for 0.25mm /s, 0.025mm /s, and
0.0025mm /s respectively). The results of the reduced plastic strain data along
with these lines-of-best-fit can be seen in Figure B73. The lines-of-best-fit were

automatically generated by excel to match the data as closely as possible.
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y = 2046x° — 6447.3x° + 8182.2x* — 5402.5x% 4 2023.8x% — 372.95x + 76.609
(3.2)

y = 1776x° — 5744.9x° + 7481.3x* — 5058.1x° + 1934.9x* — 363.38x + 73.573
(3.3)

y = 3522.2x° — 10844.3x° + 13133x* — 7976.6x° + 2613.9x> — 415.4x + 68.681
(3.4)

Plastic strain against stress for rolled PET
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FIGURE 3.23: Graph showing the stress / Plastic strain data for rolled PET at various
strain-rates, along with curves of best fit [Z1].

By implementing this material data into an Abaqus simulation, the model be-
came much more reflective of a multi-material substrate. However figure B73
demonstrates a fundamental difference in PET material behaviour as rate of
deformation is increased. The maximum rate of deformation tested in the ex-

periments from which the data was derived was limited to 0.25mm/s. This is
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approximately four orders of magnitude away from the experienced strain rate
during ironing ( 2500 — 3000mm /s). Since the PET data displays a clear change
in behaviour with an increasing strain rate in orders of magnitude, extrapo-
lation would suggest that the behaviour changes even further: however there
is no data to suggest the degree of this change. For this reason the PET sim-
ulations were postponed until further data could be gathered to support the

interpolation.

3.3 Steel food can modelling

At this point the project gained access to a pilot bodymaking line for steel food
cans at Crown’s research facility. Discussion tended towards shifting the project
from the aluminium beverage can to the steel food can, for a chance to better
validate the computational modelling using physical trials. Though both two-
piece cans and made with the same processes, food cans differ somewhat, as
the extent of ironing is less severe (a necessary step to account for the stiffer
material behaviour of steel [/2]). The existing work on aluminium cans still
serves as a fine basis of understanding the DWI process - which does not differ
significantly except for the omission of two tooling rings when it comes to food
can processing. The project was able to maintain speed and momentum despite

changing directions.

Figure demonstrates the stress/strain curve of the steel substrate sourced.
It is clear from the data that the forming steel is very different compared to
aluminium: having higher yield stresses, Ultimate tensile strength, different
elongation behaviour, and different work-hardening effects . It is this difference
in behaviour which demands the alternate tooling system seen in the food can

processing line.

3.3.1 Modelling ironing in food cans

The process of ironing steel is far more sensitive in terms of severity and associ-
ated failure [73]. For this reason the redirection of the project began by studying
an isolated ironing process on solid steel substrates to recalibrate the ironing
modelling methods. Initially, the model featured a straight, rectangular sec-
tion of steel blank, suspended by an encastre boundary condition along the top

edge. The punch and ironing die then move downwards using a displacement
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True stress vs Logarithmic strain for rolled TH330 ustoved
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FIGURE 3.24: Graphical stress/strain data for steel TH330 unstoved [bS].

boundary condition, ironing the steel between them. Contact between tooling
and blank was defined using a surface-to-surface, finite sliding definition, and
the elements used were 2D plane strain elements. Figure B25 demonstrates the
process and the associated Von Mises distribution. It can be seen during the
tinal stages that residual pinching is occurring at the top of the blank (in this
case the leading edge). This is a convergence issue with the start of ironing: as
the square blank edge meets the ironing die. This geometry is not accurate to a
bodymaker, as the edge meeting the die would ordinarily be curved around the
punch, and thus reduces the impact at the tooling interface. Modelling towards
a more curved geometry was the natural progression to eliminate these dis-
crepancies. Figure shows the difference made by switching this geometry.
It is clear that the curved edging makes a fundamental difference to the stress
distribution of the blank. Initially this simulation was intended to model the
most simplistic approach possible whilst maintaining relevance in its results.
With enough length behind the point of contact, it was assumed that any inac-
curacies associated with the square contact method would smooth out with the
length. These iterations have proved that some curvature must be included in
all future models, as the meeting between blank and ironing is a sensitive part

of the process.
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6 7/ 3

FIGURE 3.25: Evolution of 0y, in the steel ironing model.
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FIGURE 3.26: Evolution of ¢y, in the steel ironing model at the simple curved edge.

At this point in the project, it was decided to reintroduce a polymer material to
the coating of the model. Despite the lack of material data for relevant strain
rates, applying the material gives rise to a much more realistic computational
time: simulating multiple materials with vastly different densities slows down
simulation substantially [61]. Since the partitions had already been created, the

only step required was to apply the material properties to the section.

3.3.2 Optimising mesh geometry

Once these models had been debugged and were working correctly, the next
step was to reduce the computational time. The models were taking between
2 and 5 hours to run depending on mesh density, with the finest meshes tak-
ing even longer. As gathered from previous studies in this project: the optimal
mesh density across the different thicknesses is likely above 5, or perhaps even
above 8 elements thick if material behaviour metrology is important. These
numbers interacting with the necessity for small aspect ratios elements during
ironing (to prevent snagging/elemental distortion as before) gives rise to ex-
tremely fine mesh densities and a large number of total elements. These ironing
simulations were intended to rapidly model a small part of the DWI process, so
keeping computational time to a minimum required an optimisation of mesh

geometry.
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FIGURE 3.27: Graph showing reaction force acting upon punch against the displace-
ment of the punch for the simple ironed steel model.

The first thing to focus on during the optimisation was elemental density across
the length of the blank. Figure B27 demonstrates the reaction force experi-
enced by the punch during a single phase of ironing. Between points A and
B, the ironing reaction force is largely the same. This indicates that ironing
has reached a steady state operation, and subsequently results will not change
dramatically from one point to another [63]. For this reason the blank can be
optimised such that ironing is only steady-state for a small moment in time: as

all further ironing will give approximately similar results.

Since it is seen that prolonged ironing causes reaction forces to reach steady
state, computational time can be reduced by reducing the area of the blank
undergoing ironing. The speed of the punch should be kept the same to account
for proper strain-rate data, so the entire blank must be shortened, or a smaller
area meshed as finely. The polymer coating need only cover the area of fine
mesh for the same reason. The optimisation of the mesh across the blank was
undertaken on a largely trial-and-error basis, as the scale of the work did not

justify a prolonged DoE optimisation.

Figure illustrates the differences in mesh density along the length of the
blank. Enlarged sections demonstrate the step-down geometry implemented,
focusing closer on the mesh itself. The mesh features the same number of el-
ements across each thickness of each material (in this case only 4 elements

across each thickness ), and a varying number of elements across the length
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depending on which part of the geometry is experiencing contact. It is neces-
sary to keep some material either side of the important results-yielding section
to ensure that deformation effects are fully considered. Section A shows the
step-down along the top edge; the curvature meeting the ironing ring and sur-
rounding area is finely meshed to preserve accuracy. The rest of the blank to
the left is meshed far more densely, with a 2:1 bias towards the curved edge.
Section C demonstrates the same behaviour at the bottom edge of the blank. In
both cases the polymer ends abruptly, without waste sections: as the residual
stress stored in the order of 10um rolled PET film is plays an insignificant role
in altering the steel [74]. Section B and C demonstrate the main meshing area,
which holds a consistent mesh density along its length and width. In this case
the mesh is quite coarse, but in other models this area alone changes in density

whilst the other areas remain the same.

This optimised mesh geometry approximately halved the computational time
and results were identical. For this reason the simulations all utilise this mesh

geometry moving forward.
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FIGURE 3.28: Diagram demonstrating the optimised mesh of the steel/polymer iron-
ing model.
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3.4 Using Input files and script

The CAE interface is not the only way to prepare Abaqus simulations. An al-
ternative method is to use a text-based input file, which relays all necessary
information for model generation and execution to the Abaqus solver via a
command line. In CAE, a force or boundary condition might be specified in
using a GUI: filling out appropriate boxes in sequence and clicking generated
geometry to select surfaces. Using input files on the other hand, the same force

or boundary condition may be specified using lines of code such as:

*BOUNDARY, OP=NEW, TYPE=VELOCITY
PUNCH,2,2,-0.5

To specity a velocity acting upon the Punch set of elements (or nodes), in the
2nd degree of freedom, with a magnitude of 0.5. Naturally this approach only
works well when built up from the bottom. Nodes, elements, surfaces, sets,
etc., must first be generated and named before any behaviour can be projected
upon them. The approach is more time-consuming than using CAE, but allows
for a clearer view and understanding of the simulation data. Input files also

allow for some behaviour which cannot be specified in the CAE interface.

3.4.1 Parameterising

A main advantage of input files is the ease of parameterising for fully customis-
able variables without changing any code or doing any extra legwork. Using

the keyword:
*PARAMETER

allows the specification of any parameter used at any point in the text file. For
example, the following code plots a 2 by 3 rectangle A,B,C,D (which is then
illustrated in figure B29) . By specifying the width and height of the shape,
and the coordinates for the first node, all subsequent nodes can be plotted via
derived parameters. In this sense the width, height, and position have been
parameterised. The coordinates of A, and position of the rectangle can be easily

changed without altering the shape or size.
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*PARAMETER
WIDTH = 2
HEIGHT= 3
AX=1

AY=0
BX=AX+WIDTH
BY=AY

CX=BX
CY=BY+HEIGHT
DX=AX FIGURE 3.29: Demonstration of the
DY=CY

plotted parameterised X and Y coordi-
nates for rectangle A,B,C,D.

All geometry and simulation data can be parameterised, meaning angles, widths,
and material properties can be easily exchanged. There is no limit to the ex-
tent of parameterisation in an input file, and parameters can be derived from
other parameters. Software such as Simulia Isight can be used in this manner to
read parameterised input decks and draw these parameters into a design inter-
face where various studies can be undertaken on the input file to explore and
analyse the effects of changing parameters in an optimisation or design of ex-
periments. This approach will be useful later in the project to allow parameter

studies and Design Of Experiments studies to be run.

3.4.2 Calling *include files

As with any coding method, input text files can be an unlimited number of
lines depending on complexity of model geometry and setup, which makes file
navigation and alteration difficult. To solve this problem, Include commands
can be used to compartmentalise different parts of code into specific .sets files.
A master file can be created which calls in all necessary data from other .sets
tiles. The example below demonstrates a command file calling in all necessary

data for materials, tooling and blank geometry.

*Include, input=PARAMETERS.sets

*Include, input=Tooling ring.sets

*Include, input=Tooling punch_curved.sets
*Include, input=Blank curve_8x100_optimised.sets
*Include, input=TH330.sets

*Include, input=PETimp.sets
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From this point on, only contact pairing, interactions and Step data need be
specified in the master file. In point of fact, all of those could be called in from
separate .sets files too if necessary. In this particular case, this kind of method

reduced the master input file by almost 1200 lines.

Using *Include files, a combination of CAE and input files can be utilised for
the most efficient model setup. CAE is preferential if complex and extensive
geometry like the ironing punch is being used. CAE’s GUl is a far easier envi-
ronment for the generation of complex shapes, as the user can use shape and
dimensioning to draw these models in a 2D or 3D plane. Trying to manually
code the coordinates of a complex 2D shape or 3D shape would be incredibly
challenging, so CAE holds that advantage in geometry generation. CAE can
generate an input file from all specified model data - which can subsequently
be changed to a .sets file, and drawn in with an *Include command. In this way,
the simplicity and transparency of input files can be kept whilst ensuring com-

plex geometry is properly and easily generated by CAE.

3.5 Implicit vs explicit time integration

Once the modelling method had been streamlined it was decided that the dif-
ferences in modelling between implicit and explicit processes should be inves-
tigated. As explained in Chapter 2, Implicit results do not consider inertia and
appropriate mass properties, so an implicit method could lose out on a reason-
able level of accuracy compared to explicit during high speed ironing - where
inertial effects are more prevalent [/5]. A study was undertaken running both
explicit and implicit models for the previously seen curved blank geometry at
punch speeds of 3m/s, with element densities listed in table B3. Bold numbers
across the top and left side signify number of elements across the thickness and
length respectively. The corresponding cells demonstrate the total number of
elements for that combination.

TABLE 3.3: Mesh sensitivity study mesh densities for the implicit vs explicit investiga-
tion.

X 4 thickness 6 thickness 8 thickness
100 length 400 total 6000 total 800 total
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The results of the study are demonstrated in figures B30, B31, and B32. Fig-
ure has been included for simpler comparison, but some lines overlap be-
tween runs. The explicit simulation running for the 6x100 combination repeat-
edly failed due to snagging, but has been plotted incompletely for the sake of
clarity. The implicit simulation for 6x100 still demonstrates a clear shape corre-
lation with the other implicit models. Increasing the elements across the thick-
ness seems to alter the overall reaction force to closer match the explicit models
(though the absence of data for 6x100 challenges that assumption). The densest
element combination on 8x100 shows the closest relationship between implicit
and explicit, whereas the data for 4x100 varies substantially after the ironing is
finished at around —20mm displacement. This points towards the notion that
increasing the element density reduces the difference in results between using
implicit and explicit. This may prove for higher speed models as Implicit runs
in a fraction of the time compared to explicit [[Z6]. In this case switching from
explicit to implicit methods reduced run times from approximately four hours,
to 30 minutes on the 8x100 model. Figure B33 has been included for simpler

comparison.
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FIGURE 3.30: Graph of radial reaction force against ring displacement featuring im-
plicit and explicit model data for the 4x100 mesh.
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FIGURE 3.31: Graph of radial reaction force against ring displacement featuring im-
plicit and explicit model data for the 6x100 mesh.
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FIGURE 3.32: Graph of radial reaction force against ring displacement featuring im-
plicit and explicit model data for the 8x100 mesh.

-73 -



Chapter 3. Modelling the Ironing Process

Radial reaction force comparison for mesh and time integration study
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FIGURE 3.33: Graph of all radial reaction forces plotted for comparison.

Finally, these results answer the earlier query regarding the vibratory/oscilla-
tory behaviour experienced during the ironing stage. Since vibration is a prod-
uct of mass and inertia of the specimen [[77], it is not accounted for in the im-
plicit models[78]. Regardless, this oscillation in the reaction force is still present
in the implicit simulations, implying that the oscillatory behaviour seen in all
models so far is not a product of simulated vibrations/waves, and is instead
something altogether different, such as a mesh stepping. This may prove to be

an area of investigation as the project progresses.

3.5.1 Conclusions

The work in this chapter has reached a decisive conclusion about the modelling
methods and approaches best suited to the DWI process. Investigating the
mesh sensitivity has highlighted the requirement to keep the metallic element
count as high as possible throughout the ironed sections, whilst minimising el-
ement count in less deformed areas in order to minimise computational time.
The use of restart analyses will be critical in the DoE studies involved later in
the project, as the fixed tooling sections of the process can be bypassed with
each subsequent run. The difficulty modelling multi-layered substrate high-
lights the need for further investigation into modelling specifically polymer-
coated metal blanks, and will be addressed with detail in chapter 8. Finally the

differences between the implicit and explicit solvers demonstrate positive and
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negative attributes associated with each. The two solvers will be used through-
out the project: using explicit when strain-rate and process speed is a significant
factor, and using implicit when computational speed is imperative whilst pro-

cess speed is not.
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Modelling the polymer film

4.1 Introduction

Having gained a fundamental understanding and knowledge towards the key
mechanisms involved in modelling the DWI process in Abaqus, the focus shifted
towards the complicated and inconsistent behaviour encountered when mod-
elling the polymer-coated metal. This branch of the project pursued the poly-
mer specifically: first attempting to characterise the material using experimen-
tal procedures with tensile testing machinery, and then progressing to mod-
elling the polymer using different approaches in Abaqus to best capture the ef-
tects of a polymer-coated metal. By the end of this chapter, a preferred method
of modelling the polymer-coated material will have been established, and this

method will be verified using experimental trials in chapter B.

4.2 Characterising the material

4.21 Tensile testing the polymer-coated steel

The characterisation of the coated steel via tensile testing was attempted at var-
ious stages throughout the project. Unfortunately, the lack of friction between
tooling clamps and the polymer coating resulted in consistent testing failure
- as slipping occurred before significant yielding. Various tooling clamps were
utilised in addition to a slot-in set of draw-beads, but fundamentally the clamp-
ing force provided by the hand-operable specimen clamps was insufficient.
Mechanical or chemical removal of the polymer layer could have changed the
material properties or compromised the specimen, and bolted specimens were

unable to be obtained, so the project moved past the material tensile tests and
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focused on the characterisation granted by a bespoke ironing rig, detailed later

in chapter B.

4.2.2 Compression testing the polymer-coated steel

Due to the microstructure (chain molecules) of polymers, they behave differ-
ently in tension and compression. Characterising the tensile properties of such
a material was outside of the scope of research for this project due to the special-
ist apparatus required to tensile test at such small loads. In an attempt to quan-
tify the compressive properties of the PET layers, a compression test was un-
dertaken using a tensile testing machine. The apparatus was set up to sandwich
a stack of 10, 5, and 2 polymer-coated steel disks between compression plates.
The machine measures force and displacement of the compression punch, and
so using the equations B2 and B0 (given a known area and specimen length)

those metrics were derived into a stress and strain plot.

The expectation is that a stress and strain plot characterises the material - not
simply the application of it. In this case it is expected that every stack of coated
disks would produce the same (or similar) stress/strain plot - even though the
force/displacement plots would differ significantly. Instead, the results clearly

seen in figure BT demonstrate quite a significant difference between each curve.

TABLE 4.1: Gradients (2 decimal places) of PET-stack compression stress/strain curves.

Stack | Gradient
2 8.48
5 18.71
10 34.89
20 125.19

To clarify these results, further study was undertaken at Crown on a different
machine. The resulting data points towards the unsuitability of compression
equipment for such high loads and such small specimen thickness. It’s likely
that the stress/strain curves seen are not representing the PET nor steel at all,
but are instead demonstrating the compliance in the load cell of the compres-
sion machine.This is supported by the fact that Crown’s machine follows the
trend that increasing stack size increases the gradient of the stress/strain curves
(which again, should be unaffected by volume); but begins the steep gradi-
ent far sooner than the other tests. This indicates that the compliance on the

University apparatus was substantially different to the compliance on Crown’s
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FIGURE 4.1: Stress/strain curves for various stacks of 14.4mm diameter PET-coated
steel disks during compression. Derived from force/displacement data from the data-
logger attached to the load cell.

machine - since the other three tests follow the slow gradient increase despite
the change in stack size. These results are interesting, but do not provide clarifi-
cation for any of the scientifically-grounded expectations of the materials. Fun-
damentally the material characteristic of PET coatings itself is not a primary
subject of this research, and so this work instead serves as a reasonable point
to abandon the simple characterisation of the PET itself, and instead focus on a

numerical representation which best matches the testing outputs.

4.3 Modelling contact

The simulation of the entire DWI process for laminated metal is a computation-
ally heavy demand, so a primary objective in the project is to reduce computa-
tional time in whatever way possible. FEA calculates a stable time increment
per element, and the minimum time increment for all elements is what drives
the computational time. Time increment is calculated on a number of factors
including element size, aspect ratio, and material properties. As a result, sim-

ulating three layers comprised of 2 different materials an order of magnitude
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apart in thickness and several orders of magnitude apart in tensile strength,
yield stress, and density is always going to see higher run times than a simula-
tion of just metal [79]. This situation pinpoints an area for improvement in the

simulation process.

A simulation was constructed in Abaqus CAE to explore the detail and char-
acteristics necessary when modelling the laminated metal. A 2D plane strain
construction was chosen in order to represent a finite area of material during
a single ironing phase without complicating the model or adding further load.
The model used tooling geometry from a standard industrial setup, and dimen-
sions of stocked PET-coated steel. Tooling was generated from rigid analytic
surfaces and the blank partitioned into three material layers, meshed appro-
priately. The construction of the tooling model and blank can be seen in Fig-
ure B2. CPE4R elements were used for all the meshing to best demonstrate a
thin slice of material, and each layer of polymer had the same mesh density.
Shell elements were briefly investigated for the layering technique, but since
there was no way to understand what relevance the interaction between metal
and polymer strain distributions would be, continuum elements were elected
to maximise potential for data. Metal mesh was much coarser since the focus
of study was primarily the lesser-studied polymer and any potential associated
engineering data. These layers were made up using TH330 Steel in the cen-
tre flanked by polyethylene terephthalate (PET) material definitions. The bend
seen in the blank geometry was included as a solution to the interfacing prob-
lem between a straight-cornered surface and an angled die. The shape of the
curve approximately follows the punch, but extends only minimally past the

point of first contact: in order to minimise computational load.

The movement of the system was modelled by moving the die in a vertical (Y
axis) positive displacement. X and Z degrees of freedom were fixed for the die,
whereas all degrees of freedom for the punch and the lower edge of the blank
were fixed. Arrows representing fixed boundary conditions can be seen in Fig-
ure 4. During the CAE modelling phase, numbers such as displacement mag-
nitude and step time were arbitrarily set to 1, and later overwritten in the input
tile for a simpler approach to altering variables. For this step, interactions were
created between the rigid bodies and the deformable blank using a penalty con-
tact [80] method with finite sliding and an industry-standard friction property
of 0.1. Material data for the TH330 was taken from an existing benchmark [58]
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L. N

FIGURE 4.2: 2D basic strip model outline with visualised boundary conditions.

and input as density, elastic, and plastic definitions using a Johnson-Cook for-
mula for plastic deformation. PET data was taken from Van der Aa’s tensile
testing work [71] and input as plastic using tabular data. At this point it is im-
portant to note that the accuracy of the PET characteristic model is not the focus
of this paper. Instead this work focuses on the comparison between different
ways to model a laminate and thus any data could be used assuming it is used

consistently throughout.

4.3.1 Modelling PET-coated steel using mesh in Dynamic ex-
plicit
The direct method for a laminated metal model would be approached by mesh-
ing all three layers of material separately [81] but keeping geometry attached.
This allows identification and metrology of any movement or engineering vari-
ables occurring throughout the polymer and steel layers but does not neces-
sitate a contact interaction between the layers. The primary directive in this
section was to find out the necessary element count to properly conserve mate-
rial data during simulation. Generally, Crown simulate using between 4 and 8
elements throughout the thickness of the material (the X axis in Figure 4), and
any number of elements throughout the length (Y axis) depending on necessity.
Elements do play a part in increasing computational load, so the target is to

achieve mesh independence using the fewest (or largest) elements possible[8?].
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As a standard, 100 elements were used throughout the length of the blank, split
into 50 throughout the curved section and 50 throughout the straight section.
This number was kept constant throughout the study and at no point showed
signs of snagging or otherwise interfering with data. Dynamic-Explicit simula-
tions were run with 1, 2, 4, and 8 elements through the thickness of the polymer
layers, and 3 elements through the metal thickness. The results can be seen in
tigures B3 and B4, as well as table E2.

FIGURE 4.3: Axial reaction forces for PET and steel meshed simulations in dynamic

explicit.
Elements across PET thickness 1 2 4 8
% Thickness reduction 31.2 328 33.63 3395
% Elongation 26.7 27.89 28.52 28.87
Run time (hours:minutes) 00:27 00:43 01:56 04:45

TABLE 4.2: Comparison of geometry changes during ironing of different mesh densi-
ties in the polymer layer. This data is represented pictorally in figure B4,

The results clearly demonstrate that increasing mesh density through the poly-
mer layer has minimal effect beyond a threshold. There is a noticeable differ-
ence between using 1 and 2 elements across the polymer thickness. The shape
of the curves in Figure B3 change drastically between these two data sets and
differ minimally beyond that, with error percentages not exceeding 5% between
2 and 4 elements through thickness. The data of the 1-thick study varies widely
compared to the other three: under-reading and then over-reading force data

throughout the process. There is some minor deviation in the force readings for
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Comparison of geometry changes and run times for
mesh sensitivty study
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FIGURE 4.4: Graphical representation of the data seen in table E2.

the remaining three models after the force has peaked and plateaued, but this is
likely to do with the difference in snagging as the rigid modelled surfaces slide
freely over the varying node-density in each model. The 8-thick study shows
the lowest force reading plateau, which is consistent with this concept, since a

higher mesh density decreases snagging on the angled tooling.

Looking to Table B2 a trend can be identified: as elements across the thick-
ness increase, so do both thickness reduction and elongation. This equates to
a slightly longer ironing effect [83] and is likely caused by the differences in
flaring of polymer elements at the final increment, seen in Figure E3. Since the
effect of ironing was bound to the simulation setup these small differences are
marked as anomalies involving the aspect ratios of the unrealistically-constrained
elements at the top end of the blank. This issue highlights a need to ensure that
metrology is not skewed by the pinching effect at the end of the specimen. The
reaction forces should be included as a primary benchmark, as they are less
affected by simulative differences such as these. It can be concluded that 2
elements through the PET thickness is optimal with regards to accuracy and
computational time, so it is rational to use 2 elements when meshing PET is the
only option. However, for the comparative study, 8 elements will be used as

the benchmarked model is only ran once and thus an increased simulation time
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is acceptable for any increase in accuracy.

FIGURE 4.5: PET elements flaring at the end of an ironing simulation.

4.3.2 Modelling PET using a contact definition

The meshed simulations are computationally heavy as one would expect. Vary-
ing densities, yield strengths, youngs moduli, and element aspect ratios in-
creases the processing load[84]. For this reason, any plans to run a DoE study
on an entire can bodymaker tooling geometry highlight the need to simplify
the models where suitable. After concluding the mesh density of the PET layer
makes minimal difference to reaction forces, and noting the entirely homoge-
nous behaviour of the stress distributions of the PET elements, the study pro-
gressed into investigating whether the PET layer be meshed at all. The pur-
suit turned towards simulating a PET [85] coating using a pressure/overclosure
contact definition in Abaqus to impart upon the steel the same forces that a strip
of PET would at the same proximity to the die. Reducing the mesh and materi-
als in this way hoped to reduce run times, enabling more efficient optimisation

whilst maintaining the results of a fully meshed model.

Obtaining a compression material model for PET

The first thing required for a properly calibrated contact definition was to create
a simple force/displacement plot for the PET definition. This was done by
constructing a small block of defined PET with a known size in Abaqus and
compressing it in a 2D simulation between a moving and a fixed rigid surface.
Sliding boundary conditions were fixated along the two exposed surfaces to
ensure that the material was compressing and not simply displacing along the

walls. A single CPE4R element was used to mesh the block and the contact
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definition was defined using the same penalty contact/finite sliding method
as before. This produced a plot of force and displacement, the force was then
converted to a pressure and the displacement to strain using Equation BT and
Equation B2 [86].

(4.1)

e=— (4.2)

Where:
¢ Pis pressure derived.
* Fis force applied.

¢ A is area onto which force F is applied

e is strain

Al is the change-in-length of the PET block
e | is original length of the PET block

Figure B demonstrates the force/displacement data from the PET simulation
and corresponds to the data entered for the PET material definition in a very
limited manner. This is to be expected as the plastic definition is tabulated, but
highlights an issue with the PET material data available. Following the line on
Figure BT would yield a linearly high force as thickness tends to zero, with no
regard for interlocking or dislocation polymer chains [87], or any reasonable

plastic behaviour.

Abaqus holds a material-evaluation function within the material model, which
requires any known material data to be entered and subsequently computation-
ally derived into a number of known material models. The tabulated PET data
was entered in the material-evaluation module and the data set to hyper-elastic
material models. Figure B7 demonstrates methods used and their results[8S]:
dotted lines represent the point at which the model was calculated as unsta-

ble and thus ineffective for the prediction of material behaviour. Various other
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definitions were attempted but all not displayed failed before data could be pro-
duced. Instead the decision was made to use linearised polymer data available
as the accuracy of the material definition itself is not important to the method

of modelling which this chapter investigates.

Force/displacement data for PET

compression simulation
140

120

100

03]
o

Force (N)
[e)]
o

20

0 0.005 0.01 0.015 0.02 0.025 0.03
Displacement (mm)

FIGURE 4.6: Force displacement graph of the compression simulation undertaken for
a PET definition.

The conversion from displacement to strain was required to account for the dif-
fering thickness in PET layer either side of the steel. Displacement data was
converted to strain using the same method as before (equation B2, and force
data converted to pressure using equation BE1. Two material definitions were
created by proportionally shifting the values of pressure and strain until zero
strain had been achieved at —30 microns and —20 microns respectively. In this
sense the contact definition would apply no force until the die was close enough
that a PET layer would have been displaced, were it being modelled with a
mesh, for both of the differing layers of PET. Due to the unstable nature of the
polymer compression curve derived from the simulation, it was decided that an
exponential curve should be pursued, as it better matched known stress/strain
curve patterns of PET in existing literature [89]. The adjusted simulation pres-
sure/overclosure data was plotted and exponential definition using Equation

was tuned to approximately match the shape of the data.
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FIGURE 4.7: Stress strain plots for PET hyperelastic models derived in Abaqus.

P, = Mn(x; + xo)" (4.3)

Where:
* P, is the force data for a given data point z.
* M and n are coefficients for the exponential curve.
* X, is the overclosure distance for given data point z.

® Xy is the initial increment for the overclosure distance, which accounts for

strain adjustment.

Using this equation, an initial exponential curve was set for both PET layer
thicknesses, using the same coefficients but scaling with their width appropri-
ately. This allowed a simple and direct transition of the data into an input file

associated with the pressure/contact definition using the following input:

*parameter
n = value
M = value
Mn = Mx**n
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*xLayer 1 coefficients
PT1 = value

increment = value
**Layer 2 coefficients
PT2 = value

increment2 = value

x1 = value

x2 = xl+increment
P1 = (x1+PT1)**n*Mn
P2 = (x2+PT2)**n*Mn

These parameters would later be referred to in the surface interaction definition:

*Surface Interaction, name=Polymerl

*Friction

value,

*3urface Behavior, pressure-overclosure=TABULAR
<P1>, <x1>

<P2>, <x2>

This input of P and x is continued for as many values as is required until x = 0

in each of the two layers of polymer.

4.3.3 Optimising the contact definition in Isight

To best achieve matching behaviour between meshed and non-meshed PET
models, an optimisation via commercially available data modelling software
Isight was employed[90]. Using an iterative improvement approach via vari-
ous optimisation routines, Isight can work towards a specific parameter-based
objective. An Isight workspace was constructed using an optimisation loop
containing an Abaqus module and a Data matching module. The Abaqus mod-
ule was setup with the parameterised input file as the input, and the match-
ing .odb file as the output after running a mock simulation with arbitrary pa-
rameter values. Parameters M and n were pulled into the workspace as input
parameters and the axial reaction forces on the ironing die were used as out-
put parameters. The Data matching module was included with axial reaction
force data from the existing 8x100 fully-meshed PET-layered model used as

the Target data. The contact-definition simultion axial reaction force was used
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as the comparative simulation data, and a parameter created to measure the Y-
squared-difference in the data lines. Finally, in the optimisation module settings
the parameters M and n were set as variables, with arbitrary limits based on a
trial-and-improvement approach. Minimising the Y-squared-difference param-
eter was set as an objective, and the Downhill-simplex [9T] method configured
to allow for an adequate number of simulations for convergence. A different
non linear polynomial (NLPQLP) optimisation method was also employed to
validate the optimisation and compare methods of convergence[92]. After an
initial run, it became apparent that the optimiser was not necessarily complet-
ing the full ironing process, and instead comparing only a few increments be-
fore the simulation passed failure criteria. These small results sets were being
converged upon by the optimiser, achieving minute error for only a handful
of increments. A constraint was introduced such that the displacement of the
moving die should always achieve maximum, which enabled the optimisers to
converge towards a result which achieved the full amount of ironing consis-
tently. The results to the optimisation studies and comparisons can be seen in
Table B3, Figure B8, and Figure B9. Downhill-simplex and NLPQLP columns
in said tables refer to the data obtained using a contact definition optimised
with those respective methods. Assuming that the 8-PET-thickness-elements
study is a reasonable benchmark with which to compare the efficacy of the op-

timisations, both of the optimisations have their advantages.

TABLE 4.3: Comparison of geometry changes during ironing of meshed and contact
definition optimisations.

Study Description 8 PET Downhill- ~ NLPQLP
elements simplex

% Thickness reduction 33.95 41.23 38.35

% Deviation from meshed sim 0 21.41 13.00

% Elongation 28.87 34.90 31.66

% Deviation from meshed sim 0 20.89 31.66

Run time (hours:minutes) 4:45 00:16 00:16

Both optimiser solutions run reaction forces within 10% of the target curve. The
Downbhill-simplex solution runs slightly closer to the target than the NLPQLP
solution, but does so at the expense of a more severe ironing effect charac-
terised by the dramatic increase in elongation and thickness reduction visible

in Table 2. Equally, the NLPQLP solution runs slightly further away as far as
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FIGURE 4.8: Graph comparing X axis reaction forces of meshed and contact definition
simulations.

FIGURE 4.9: Graph comparing Y axis reaction forces of meshed and contact definition
simulations.

reaction forces but achieves a closer ironing effect. It is noteworthy that both
optimised contact-definition solutions essentially iron too much, though is dif-

ficult to tell which of the two optimisations is more suitable as the data is not
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accurate enough to replace the meshed benchmark at this point.

The optimisations are promising, but dont yet effectively match the meshed
simulations. Regarding the efficacy of the optimisation solutions the PET defi-
nition itself is not important, however for the progress of the project it becomes
imperative to ensure that the basis of comparison is an effective and verified
data set. To further progress the optimisation a more robust objective is neces-
sary. Presently the data matching set only works on a single axial reaction force,
and the similarity of other objectives like elongation are derived from the nature
of the model but are not specifically being targeted. Introducing objectives for
tensile reaction forces as well as elongation and thickness reduction would en-
sure that the final optimised solution satisfies every criterion available. For the
time being it can be concluded that the Isight optimisation method is an effec-
tive approach to building the pressure/over-closure contact definition: which

is itself a promising alternative to fully meshed laminated models.

4.3.4 Conclusions

The work undertaken in this chapter has sufficiently explored the major avail-
able methods for studying the polymer layer. The work has demonstrated
the challenges involved in properly characterising coated materials with sig-
nificantly varying properties, and highlighted the necessity for an alternative
method. The contact definition method shows promising results: allowing an
alternative approach when specific material characteristics remain unknown,
and the coating itself is not considered a focus of study. This chapter has
achieved its aims, and the contact definition will be used to model the polymer
for the remainder of the project. Further study involving a physical experiment
to validate the initial meshed ironing simulations will provide a better basis
for comparison and optimisation in future optimisations. The necessity for fur-
ther study was a key motivation behind the development of the ironing rig in

chapter B, which lays the foundations for a fully verified DWI model.
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Developing a rig to demonstrate the

ironing process

5.1 Introduction

Having determined the preferred method to model the process, and charac-
terised the polymer contact definition to the current capabilities of available
model data, the next step was to devise a verifiable comparison between the
contact-definition model and physical polymer-coated specimens. Instead of
further attempting to characterise the film itself, it was decided to focus on cre-
ating a testing method capable of ironing polymer-coated material, in order to
match force and deformation data in the model to physical results. This valida-
tion would prove vital to optimising the preliminary contact definition used in
place of meshed polymer layers. Since no apparatus existed within reach, cre-
ating a prototype experimental rig was the best available solution. This chapter
follows the design process, development and testing capabilities of such a rig.
By the end of this chapter, a rig will have been designed and used to gather
data for polymer-coated specimens, and the work aims to provide some physi-
cal basis of validation for the previous work on modelling the polymer-coated

DWI process.

5.2 Developing a rig to demonstrate the ironing pro-

cess

The nature of the cylindrical DWI process proves a challenge when attempting

to measure or quantify engineering variables occurring within the tooling or
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formable metals[93]. The DWI process occurs within a bodymaker, completely
hidden from view and the annular geometry prevents any cross-sectional ob-
servation or metrology during forming [94]. Whilst theoretically possible to
implement metrology devices in various places, the cost of doing so to an in-
dustrial bodymaker would be intense, and has historically been avoided [95].
Instead it is far more reasonable to imitate the process in a smaller scale where
variables can be controlled and measured with greater ease. This section of
the thesis details the design process and development of a bespoke Ironing Rig
which can be utilised with a standard bench-top tensile testing apparatus, for

use in FEA model validation.

Examples of bespoke rigs which attempt to imitate a forming process are spread
evenly throughout the literature [96],[97][98][71], but none adequately demon-
strate ironing with industry geometry. These previous rigs deal with much
thicker material and loads, or model the contact die as a simple triangular con-
struction and not the complex industrial die geometry seen in DWI. The most
similar rig comparison (Van der Aa’s work[71]) focuses on metrology of the
polymer layers itself, the data presented does not provide a valid basis for val-
idating simulations using the polymer-coated materials. Finally, since these
previous studies were undertaken a number of decades ago, there is little to
suggest that the material characteristics will be the same as the one used in can-
making today. For all these reasons it becomes clear that the simplest solution

is to create a bespoke ironing rig for use in the can-manufacturing project.

5.3 Designing the rig

When designing the apparatus two key factors were considered: the direction
of punch movement with respect to the tensile test frame, and whether ironing
would occur in one place (or on both sides of the punch). In addition to these

key factors, several more requirements regarding user interface were specified:

* The rig needs to be light enough to move and install without lifting equip-
ment[99].

* The rig must fit within or around a standard bench-top tensile testing

machine.

¢ Some kind of metrology of the specimen must be possible during ironing.
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¢ Severity of ironing should be easily adjusted without creating new die

tooling each time.

* Deformation of tooling should be minimal in order to accurately measure
ironing[T00].
¢ The apparatus should be cost effective, using readily available materials

and manufacturing methods.

Based on these considerations, three initial concept designs were developed.

5.3.1 Initial design concepts

The initial concepts for design began as simple sketches conveying the various
geometric options of such an apparatus. These diagrams were used primarily
to provoke discussion regarding design features, and identify any possible fail-
ure modes for the geometry early on in the process. The main three concepts
are illustrated in figures B through B3, as well as a conceptual design for a
complex punch in figure B4. The three designs differ, but all centre around the
use of a tensile testing machine to force a thin sheet specimen between a punch
and a die - reducing the thickness and increasing the length of the specimen as
seen during production ironing. Since the tensile machine moves in a vertical

vector, it is simplest that the rig concepts follow the same path of motion.

Design 1 uses compressive action to push the punch past the ironing dies. The
original concept was to be machined from a single block of steel in order to sat-
isfy the requirement for stiffness/rigidity and minimise deflection. Though ex-
pensive to produce[l01], the excess material would ensure that deflection was
minimised. However, the design would also increase the difficulty associated
with calibrating and changing parts, since the entire rig would need to be dis-
assembled to alter variables - and it the weight of the build would be difficult

to keep down.

Design 2 is similar to design 1 but instead uses extension to drag the punch
through the apparatus. The intention of a dragging motion was to self-align
the punch as it is pulled between the two die, in a way which open-ended
pushing cannot achieve without an alignment sleeve (which adds friction)[T02].

The disadvantages to this design revolve around the bulk of metal required for
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Deisgn 1 - Pushing

vertically
Punch
Adhesive or
fixture. (e.g.
Rubber band) .
Specimen
Bolts to adjust ironing Bolt-on die for
effect customisable
geometry

Load cell

Bolt holes should
be outside of
contact surface

Base clamped
via flange

FIGURE 5.1: Ironing rig design 1: a vertical-loading open ended design using compres-
sion as the driving force.

the dragging motion to be possible. The long supporting structures would in-
evitably suffer greatly from the moments of forces generated; some extra re-
inforcement would be needed for success. With the drawn punch method, all
force acts through a single bolt or hinge (a requirement for the self-alignment),
which may prove a weak point during duty. Adding a bracer to the arm struc-
tures would increase the rigidity, but the extra metal required may offset the

advantages to this design.

Design 3’s defining feature is the single die construction. The intention was to
reduce the forces generated during ironing, whilst halving the contact deforma-
tion and calibration time. Ideally this design would experience 50% less ironing
forces than a two-die design which would prove advantageous for manufactur-
ing, however the large flat contact surface between the alignment walls poses a
different challenge. Even with highly polished surfaces, the friction generated
on that interface may exceed any from the die. Subsequently, the forces which
are generated during ironing may be lost in the noise of the friction forces[T03].
One way to account for this would be to finely polish and te the sliding contact

surfaces, perhaps including a rolling bearing. In this scenario the overall forces
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Design 2 - Pulling vertically

Load cell
Full view

Bolted
Screws to allow ironing hinge
adjustment

Fixture
Specimen
P Punch

FIGURE 5.2: Ironing rig design 2: a vertical-loading open ended design using extension
as the driving force.

would likely mimic that of a two-died rig, though the contact design holds the

advantage of keeping alignment more effectively.

This complex punch design demonstrates the concept of a segmented punch, sep-
arated by load cells. The intention of this design was to allow for measurement
of differing forces generated at different moments of ironing. As sections of the
punch pass the contact zone and begin experiencing ironing forces, a variation
in load would be measured by the various load cells; this would allow some
quantitative analysis of ironing forces. Ultimately the decision was made not
to pursue this design as the cost of manufacturing such a complex piece could

not be justified as the force analysis was beyond the scope of the project.

Each design does not differ substantially in terms of overall geometry. The
limitations of the ironing process and the machinery involved require certain
characteristics from the rig. Table Bl summarises the initial design discussion
in a pugh matrix; emphasis was placed on the consideration of rigidity and
weight as any design would be unusable if deflection invalidated testing data,

or the rig could not be installed.

Following the discussion demonstrated in the Pugh matrix, design 1 was elected
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Design 3 - single sided die.

Punch Sprung block
for alignment

Alignment
frame

Small clamp
to secure
specimen

Single Die
Load Cell

Die fixings to
allow
detatchment

FIGURE 5.3: Ironing rig design 3: a vertical-loading open ended design using compres-
sion as the driving force.

TABLE 5.1: Pugh matrix summarising design discussion for three initial design con-
cepts of an ironing rig.

Selection Priority (% Design concept score (3 high)
criteria Importance) design 1 design 2 design 3
Weight 25 3 1 2
Manufacturability 20 3 1 2
Rigidity 30 3 1 2
Ease of setup 15 1 2 3
Cost 10 2 1 3
Owerall total 12 6 12
Weighted total 29 1.15 2.25

as the concept to pursue. Rigidity and weight are the chosen priority factors for
the build, and can be approximated using the physics equations Bl through
B7. Rigidity is of primary importance, as a rigid build enables the rig to fully
iron samples without deforming beyond forming tolerance. Since ironing relies
on an interference between the specimen and forming tools. If the dies frame

deforms substantially during ironing, this interference will relax and proper
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Complex punch design

Fixture to
tensile
apparatus
Main body
Body part 2
Load cell 1
Small clearance to allow
Body force measurement
part 3

Load cell 2

Specimen

FIGURE 5.4: Design of a punch capable of measuring the differences in forces during
different stages of ironing.

forming criteria will not be satisfied. Equally, the rig is intended to be operated
solo with a bench top tensile machine, and must not exceed a reasonable weight

limit (as mentioned previously).

For the equations B through B2:

k = Stiffness

A = Cross-sectional area

E = Elastic/Youngs modulus

L = Length of element

F = Force applied on the body

6 = Displacement, assumed to be ‘change in length’ for simplicity

k = %(Hooke’sLaw) (5.1)
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k = g 5.2)
€= % (5.3)
o = Ee (5.4)
o= g (5.5)
Substituting equation B[104] into equation B2 gives the equation b.A:
aE_ 5o

Rearranging equation b to make deformation the focus gives equation b7
[TO5]:

FL

5=——
AE

(5.7)

The inversely proportional relationship between area and deformation demon-
strates that minimising deflection requires the area through which force is ex-
erted to be as large as possible [106],[107]. This relationship highlights a balance
for the amount of metal used in the rig construction. A large cross-sectional area
is the most immediate answer to deflection but will proportionally increase the
weight of the build.

5.3.2 Developing the design into a simulation

The initial concept model for the ironing rig used a basic geometry from design
1, with the addition of some bracing bars at the point of the largest moment.
This development can be seen in figure B3. Initial designs used a square ge-
ometry, the dimensions of which were derived using a 3D simulation, seen in
tigure B d. The simulation followed typical methods in this thesis using rigid
surfaces for tooling, surface-to-surface/finite-sliding contact definitions, and

a deformable mesh specimen with analytical rigid surfaces for tooling. The
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stepped design exists to provide full support for the downward forces acting
on the die. Ignoring this aspect of the design could see unreasonable bending

moments[108] on the die holder as the punch makes contact.

This construction would be
present on both sides.

Rod is free to move through
main housing.

Shim spacer allows simplest
ironing customisation.

Die held in housing via
interference fit or clamp.

FIGURE 5.5: Diagram of the developed geometry design for the ironing rig. Both an
overall structure and a close-up of the die area are featured.

This simulation used a specimen with a similar thickness to the ingoing sheet
metal used by Crown, with a width of 15mm and an approximate ironing re-
duction of 20%. Figures b7 and B8 demonstrate the reaction forces upon the

die during ironing, in X and Y respectively.

These results show typical reaction force behaviour for an ironing process[T09].
The force ramps up after contact is made between the die and specimen, and
continues to do so until full ironing is achieved. At this point the process be-
comes steady-state and the forces do not increase, accounting for the plateau
visible in both graphs. The graphs are plotted from only seven data points, as

they were intended primarily to observe the expected rise in force.

Using this setup the maximum X axis force on the die was approximately 15000N.
This gives a 1000Nm ! force input. The Y axis force on the punch was approx-

imately 2000N. This equates to a force of approximately 133Nmm 1.

The next step was to mock up a simulation which reflected the desired geom-
etry and forces to enable a more detailed analysis of stress concentrators and

areas of waste. From this step area for the frame was calculaed arbitrarily using
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FIGURE 5.6: Diagram of the ironing simulation before and during ironing. The red

line shows the Z axis, referred to throughout this thesis as specimen width. The global

axis system can be seen bottom-left. Blue, Green, Red lines indicate the X, Y, Z axis
respectively.

X axis reaction force experienced by Die as ironing
progresses
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-4000
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Force (N)
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-14000

-16000 .
Punch displacement (mm)

FIGURE 5.7: Graph showing the reaction force in X axis as punch displacement (and
thus ironing done) increases. The punch makes contact with the specimen at approxi-
mately 50mm displacement.
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Y axis reaction force experienced by Die as ironing
progresses
1600
1400
1200
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Force (N)
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FIGURE 5.8: Graph showing the reaction force in Y axis as the punch displacement
(and thus ironing done) increases. The punch makes contact with the specimen at
approximately 50mm displacement.

the yield stress of mild carbon steel[T10] and a safety factor of 20 to minimise
max deformation. These calculations are broken down in equations b8 through
BT4. Due to the order of magnitude difference between the axial (pushing with
the punch) and radial (pushing outward on the die) forces, axial forces were ig-
nored for this step. For this step in the design progress, it was not important to
start with dimensions close to the final goal, but instead understand the failure

modes and stress concentrators in the initial design concepts.

Equations B8 through T4 are used to calculate the basic cross-sectional area
needed for the supporting frame structure of the initial design. This dimension
will then be used to inspire a basic simulation for FMEA. For simplicity the

structure cross-section will be assumed square.
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For the following equations:

Axial reaction force per mm = F = 1000N

Yield stress of mild carbon steel = Y ~ 3.7E8N /m?
Safety factor = Sp = 20

Specimen Width = W =20

Total force = WEy

Effective yield stress = Yr

Cross-sectional area required = A

Square edge dimension = x

stress = o

PT:FXW
Y

Y = —
U_F
A

From equation BTO[ITT], equation BT follows:

_Fr

Y
E=a

By rearranging equation b1, equation is derived:

_Fr

A= T
YE

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

Compiling all of these equations together creates the following compound equa-

tion B13:

_ FWS;

A
Y

Finally, to obtain the square side dimension, equation BT4:
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_ [FWSp _\/1000><20><20 B B
* =\ =\ 370000000 = 0-03288m = 32.88mm (5.14)

Ultimately a value of 32.88mm was derived for the square side dimension of the

starting simulation model. An initial design concept was drawn up to resemble
the geometry decided upon. The results of that model can be seen in figure B9.
The arrows represent the forces which were applied and their locations in the

simulation setup.

Axial forces
applied to 2
nodes

Yy \

Radial forces
applied to 2
nodes

FIGURE 5.9: Deformation contour plot of initial ironing rig design. Geometry has been
kept simple to produce initial directive results. This simulation has been modelled with
a line of symmetry to reduce computational requirements.
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Deformation magnitude has been plotted on the model, as this represents the
rigidity distribution of the build[IT2]: the most important concept as per the
pugh matrix. The large area of blue at the bottom and top should be considered
carefully, as the fixtures were acting along those surfaces and subsequently a
0 deformation at fixtures is to be expected[IT3]. This aside, large incremental
areas of lower stress can be identified around the bottom area of the build. It is
expected that the majority of deformation will occur near the application of the
force or stress concentrator [[T4]. This can be clearly identified in the small red
shape near the force arrows - this red area represents a maximum deflection.
The maximum deflection did not exceed 3.721e — 5mm: considering the spec-
imen depth of 300 um, an acceptable range of deformation would be ~ 10%,
around 30 pum. This design is excessively over-engineered and weighed 100kg,
which is far beyond that designated in the earlier specification. Whilst the rigid-
ity of this iteration would have proven suitable, the weight is far beyond what
a single user could be expected to manipulate, and fine adjustment would have
been difficult. This design concept existed primarily to certify whether small
enough deformations would be possible in a bench-top build and thus the sim-

ulation gave useful indication of improvement vectors.

5.3.3 Width study

The next step was to determine the design progression based on the results of
the first full simulation. a major focus was the width of the specimen. The pla-
nar geometry (exposing the ironing process to instruments of metrology such
as a DIC system[IT5]) was a necessary part of the design, but provoked chal-
lenges not usually associated with the can ironing process. A primary concern
was the concept of edge effects at the edge of the die interface. Based on the ge-
ometry two choices existed for a die-to-specimen ratio: either the die is smaller
than the specimen (to which a kind of gouging effect would be expected at the
edges of the die), or the die is bigger than the specimen (to which the edge
of the specimen is pinched between die and punch). These two issues are not
normally seen in can ironing as the cylindrical geometry and tooling naturally
provides no edge [116]. Since any video capture metrology required a view of

ironing from the side, the design progressed with a wider die than specimen.

To explore the effects of this pinching ‘edge behaviour’, a series of simulations

were undertaken with varying specimen widths. The results of this simulation
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sought to satisfy a handful of unanswered questions, including certifying the
hypothesis about the relationship between width and reaction force. Primarily
however, the simulations would demonstrate to what effect this pinching be-
haviour disturbed the distribution of stresses and strains normally seen during
ironing, and if there was any proportional rate at which edges were affected

compared to specimen width.

To properly demonstrate any edge effects the simulation needed to be under-
taken in 3D[I17]. Due to specimen symmetry, a sliding boundary condition was
introduced to reduce computational time by modelling only half of the speci-
men. By reducing the model in this way, computational time is cut almost in

half and allows a higher mesh density within the area which is simulated[TT8].

Simulations were setup in Abaqus standard using analytical rigid surfaces for
tooling, and deformable 2D CPS4R mesh for the specimen. Contact between
tooling and specimen was defined using a surface-to-surface definition, a fric-
tion value of 0.1 with the penalty contact (finite-sliding) method. Punch tooling
was constrained using an encastre definition, and the moving die constrained
in all but the Y axis; a specified displacement and smooth-step amplitude were
used to move the die at a fixed speed. To further reduce computational load,
vertical line of symmetry was simulated using a sliding boundary condition
along one edge of the specimen. Elastic and plastic material data was specified
for the steel, listed in table B2 and B3 below.

TABLE 5.2: Elastic material data for TH330 unstoved steel.

Density % Young’s Modulus Poisson’s Ratio
7800Kg/m?3 205GPa 0.3

TABLE 5.3: Plastic material data for TH330 unstoved steel (Johnson Cook model).[64]

YS n K
258.87MPa 0.35952 334.14MPa

Four widths were studied in this simulation analysis: 10, 20, 30, 40mm, which
were simulated at half width using the line of symmetry. These four strips were
ironed with a more aggressive 30% ironing-reduction and various variables
were measured from the results to quantify the differences between widths.
These results are reflected in figures 10 through BT1. These simulations were

undertaken using uncoated steel specimens, as the minimal polymer layer’s
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thickness and incomparable young’s modulus deemed it a negligible inclusion
to the results. Due to a lack of material definition, the polymer demonstrated
homogeneous behaviour and identical movement to the steel (with proportion-
ally lower stress values). At this point there was no reason to believe a polymer-
coated specimen would behave fundamentally differently to an uncoated spec-
imen, and so rig design was centred around uncoated specimens, with the ex-
pectation that a coated specimen would simply require different clearance in

the final rig.

FIGURE 5.10: These diagrams illustrate the distribution of displacement in the Z axis
for all four specimens (smallest to largest: left to right).

The images presented in figure BT0 demonstrate the deformation during the
flat planar ironing process. This displacement metric represents the amount
of widening a specimen has undergone during the ironing process, and uses a
max displacement scale of 0.1mm (grey areas are beyond the limit). The afore-
mentioned concept of edge behaviour is indisputable, and there is also a clearly
identifiable pinch occurring at the top-left corner of each specimen (grey area).
The presence of this non-uniform deformation proves the necessity to carry
out these such simulations before designing the ironing rig with any specimen

width in mind.
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The distinct cornering pinch which seems to be present in every simulation ap-
pears to be responsible for the large blue shape occurring at the top-left and
spreading down through the specimen. The resulting dark-blue area demon-
strates negative deformation (compression or narrowing) and appears to cover
a higher proportion of the length of the wider strips, whilst covering approxi-
mately the same proportion of width. This may indicate that the pinching com-
pression effect deformation has a more dramatic effect on a wider specimen,

and wider specimens may need to be longer to compensate for this.

Similarly, the shades of green beginning from the left edge of all four specimens
demonstrate widening, and a relative decrease in effected area as the specimen
width increases. It appears the wider specimen suffers less from both widen-
ing and narrowing as a result of the lessened pinching effect. It is important
to minimise these widening and compressive effects in the specimen, as a can

cannot experience these behaviours in the cylindrical DWI process.

FIGURE 5.11: These diagrams illustrate the distribution of plastic equivalent strain for

all four specimens (smallest to largest: left to right). Plastic equivalent strain distribu-

tion is a simple way to know which areas of the specimen have undergone permanent

deformation and to what extent. All four specimens appear to have experienced ap-
proximately the same overall strain distribution here.

The plastic equivalent strain distribution in B.1T displays the expected behaviour
for strain in this sort of simulative Ironing study[I'T9]. Since the setup does not

change between width simulations, the plastic strain distribution is likely to
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remain similar - specifically with little strain at the bottom (where the ironing
clearance is greater than the material thickness) and maximum strain at the top
(where the ironing and stretching has elongated the material the most)[T20].
The red stripe inclusions are likely an element effect. One may expect the de-
formation and plastic strain distributions should be proportionally similar; and
the compression/widening behaviour should be reflected in the plastic strain
contour plot, however note the scale differences. The maximum width dis-
placement of the 10mm specimen was less than 3 microns, (0.03%), whereas
the specimens experienced a far greater degree of vertical deformation (27%
minimum) and thus the plastic strain is two orders of magnitude larger in that
direction. As a result the effect of the widening on plastic strain is minimal and

difficult to demonstrate on the same scale.

Figures B0 through BT provide valuable insight into what happens to the
material during ironing, however some numerical quantification is needed to
definitively decide which specimen width should be chosen for the ironing rig
design. Figures B12 through BTH demonstrate this numerical data about the

changes in geometry occurring during and after the ironing has completed.

Figure B T2 demonstrates a behavioural change in width compared to the pre-
simulation geometry inputs. There is a noticeable decay on both curves. Can-
making is fully cylindrical and does not demonstrate width increase in the same
way. Specimen width used in the ironing rig should try to minimise width
increase during the process to minimise the flat pinching effect not seen in can-
making. The graph shows a diminishing return when increasing width: a jump
from 10 to 20mm can be clearly seen on both curves, however increasing width

turther yields progressively smaller changes.

Figure similarly demonstrates geometry changes of the completed simu-
lations. These geometric differences were measured by probing nodal coordi-
nates from either end and either side of the specimen after forming simulation
was complete. This graph depicts changes in specimen thickness and length.
Similar behaviour to that seen in figure BT2 can be identified here. The steep
gradient change when moving between specimen widths is present in an iden-
tical manner. These curves demonstrate that the 10mm specimen is unsuitable
for the ironing experiment, since the resultant behaviour is so different to the
other specimen sizes. Note that whilst the 10mm result seems to demonstrate

that a higher degree of ironing creates a shorter can, the planar geometry of
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FIGURE 5.12: This graph depicts the relationship between the total increase of width

after ironing, and the simulated specimen’s original width. The blue line illustrates

the increase in width for the total strip geometry, and the red line shows the average

increase in width for all individual elements in the study. Both lines compare the final
width as a percentage increase from the original width

FIGURE 5.13: This graph illustrates the changes in thickness and length after ironing
has completed, in terms of a percentage increase from the original measurements.
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the strip allows widening where a cylindrical can does not. For this reason,
the degree of material shift or general deformation is the same, but in this case

material is instead moving out of the ironing area.

FIGURE 5.14: This chart shows the x and y forces per unit width (mm), acting on the
punch during the design simulation.

Figure B14 confirms the hypothesis made earlier: the width increase linearly
increases reaction forces. This validation provides two clear conclusions for
the ironing rig’s design. Firstly, the reaction forces in every case settle into a
relatively straight line (barring noise) [121]. This further supports the concept
that ironing should eventually reach a steady state situation where forces have
balanced. The noise present within these straight lines is likely due to small
snagging between elements and the subsequent discretisation of the surface of
the blank [122][1?3]. The simulations were done using implicit time integra-
tion, which does not model inertia; for this reason it cannot be vibration or

resonance.

A second conclusion to draw from the graph: there is no advantage in using a
specimen wider than necessary. Following the earlier calculations of stiffness
used to design the rig (equations B8 through b.T4), a higher reaction force will
require more material to cope without deformation. This causes a heavier rig

and issues with manual use. Since the rig needs to be as light and rigid as
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possible whilst maintaining the best levels of process accuracy, the width cho-
sen must find balance between the material accuracy, and the reaction forces

generated as a result of the process.

Looking to figure BT, it becomes apparent that a specimen width between
20mm and 30mm is the most suitable for the rig design. This width seems to
maintain the highest level of behavioural accuracy whilst keeping off the un-
necessary addition to reaction forces seen in every step up width. The edge
behaviour seen in the U3 distributions is not quite as good as 40mm , but far
superior to the 10mm specimen. Equally the step change in width increase is
almost negligible above 30mm, but the reaction forces added are a linear step
for every 10mm, so the minimal advantages to using 40mm are outweighed by

this subsequent increase in material required for the build.

FIGURE 5.15: This graphic quantifies the width changes illustrated in figure BT2. The
lines represent average U3 (Z) displacement experienced by all nodes as the time in-
creases.

Figure B T3 demonstrates the U3 (Z displacement) of differing nodes along a
central line within the ironed strip. In this case, a positive Z displacement
refers to the outwards widening of the strip (increasing its shortest side mea-
surement) as it is ironed. The average Z displacement of all nodes is displayed,
and reinforces the hypothesis that a wider specimen is disturbed less in the Z
axis. The lines on this graph follow a very similar shape: beginning with a
dip in Z displacement and rapidly progressing to a peak before levelling out.

This beginning dip can be attributed to the compression experienced during as
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the ironing ring passes, as the process of ironing is effectively a combination
of compression and stretching. After the punch has made contact and settled
against the specimen, the following moment is purely compressive before the
material yields and begins to shift against the die. The average Z displacement
will thus become negative momentarily before it begins to rise - which can be

seen clearly around ~3.8 seconds.

5.3.4 Design Milestone

A simulation-driven approach was undertaken to improve the basic design
concept, and the major design milestone can be seen in figure BTf. Several
features have been added to improve the rigidity of the structure, and min-
imise deformation. These features include tubular spacers to allow preload-
tightening of the constructor bolts, as well as a thickened double-plate design

for the main housing.

FIGURE 5.16: Figure showing a half-section view of the milestone design, with spacers
and supports added for rigidity. Bolts were not included in this diagram.
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Further simulation with accurate force loading was undertaken with the mile-
stone design to identify any remaining major stress concentrators. The results

are seen in figures bT7 and B.T8.

FIGURE 5.17: The stress distribution resulting from the design simulation undertaken
on the second design milestone. For reference, the yield stress would be around
240MPa.
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FIGURE 5.18: The displacement distribution resulting from the design simulation un-
dertaken on the second design milestone. For reference, the maximum allowable dis-
placement is 40 microns, and the maximum achieved displacement is 30.5 microns.

With a maximum stress of ~ 20MPa, and a maximum deflection of ~ 30 mi-
crons, the design directly succeeds in the rigidity criteria. The places experi-
encing most stress and displacement are all within the die, housing or spacer-
s/load cells behind. This design holds major advantages regarding cost, build,
and manufacturing, as fewer parts and fewer cuts exist compared to previous

iterations.

The one primary concern was the complexity of fitting a transition fit die into
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the holder-housing. Originally this concept was included to allow simple re-
placement of custom die shapes, but it was finally decided that a simpler design
would see the die bolt directly to the housing. This, along with some other mi-
nor improvements gave way to the third and final major design milestone. The
tinal design is illustrated in figures BT9 and B20. The results from this final iter-
ation gave a displacement decrease of around 2 microns in the thicker die. The
final design had a weight of 20.01kg, which met the initial design specifications

established earlier.

FIGURE 5.19: This figure demonstrates an isometric view of the final ironing rig design.

As required, the final design features larger (and subsequently stronger) dies
which bolt directly to the structure. A washer-type force sensor can be threaded
onto the bolt, spacers with a known thickness can slotted behind the die in or-
der to customise the degree of ironing involved. This allows the rig a certain
versatility without necessitating entirely new geometric dies between each ex-
perimental run. The spacer tubes allow fixing bolts to be pre-loaded which
will prevent any undue deflection of parts whilst also decreasing the difficulty
of parallel alignment when building the rig. The entire construction is a com-

bination of mild steel housing and tool steel wearing-parts (namely the dies,
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FIGURE 5.20: Figure showing a translucent side-view of the final rig design in order to
demonstrate bolt and fixture locations

and a geometrically arbitrary punch which has not been featured). With proper
calibration the ironing rig could be used for any manner of ironing-related ex-

perimentation.

5.3.5 Die geometry evaluation

The design intention of the ironing rig was to create an apparatus which could
thoroughly simulate and observe ironing behaviour in an open format and ex-
perimentally validate numerical models. To understand the kinds of variables
which cause changes in material behaviour and failure during ironing it is im-
portant to analyse the geometry featured in the dies.The die geometry consists
of thee parts of interest: an inlet angle, a flat landing strip, and an outlet angle.
The generic anatomy of the die geometry applies to many dies in the indus-

try[124]. Figure 21 demonstrates the main contacting parts of the die.

Each of the five variables featured in figure 21 is a potential focus for study.
The remaining geometry is simply for rigidity and positioning, and does not

make contact with the specimen during ironing. Whilst the lengths of the inlet
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FIGURE 5.21: Break-down of three main contacting surfaces of an Ironing die, along
with the conjoining angles.

and outlet strip only change as a result of a changing inlet/outlet angle, it is still

important to highlight this geometry as an area of focus for modelling benefits.

By comparing rig data to similar simulation data, the numerical models can be
tuned to accurately represent the ironing process. The physical behaviour ob-
served during testing will allow adjustment and benchmarking for modelling
behaviour moving forward, and when the more advanced full-process models
are created - these benchmarks can be used to ensure that behavioural process
accuracy remains in the model when physical experimentation cannot follow,
such as the expensive creating new die tooling for each geometry change. A
robust numerical approach allows the die parameters to be included in a DoE

(Design of experiments) for numerical models later.
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5.4 Validating results

5.4.1 Experimental method

The ironing rig functions with a temporary installation to a screw-driven tensile
testing machine. Removing the bottom clamp allows the base of the rig to sit
flush along the testing apparatus, and the punch is installed using the universal

bolt-fitting present on the tensile testing machine, as shown in figure .

FIGURE 5.22: The iron rig after basic installation into the tensile tester.

Due to the small dimensional tolerance involved in ironing, it is important to
ensure precision is as high as possible. The simplistic wooden alignment block
seen in figure b7 allows reliable repeatability between setups in the front/back
spacing, however the left/right spacing proves somewhat harder to determine.
Due to the customisation designed into the rig, the central path of compression
shifts to the left or right depending on what shims are installed behind the dies.

To best align the centre of the punch to the centre of the unit, a measuring stick
was affixed across the top of the apparatus. The unit moved left and right by
hand, sliding along the wooden spacer until the centre of the measuring stick
aligned with a centre mark on the punch. This hand-movement is responsible
some error within measurement - but this error should be somewhat counter-

acted by the freedom of the punch along the two loosely bolted joints.
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Once the apparatus was properly set up, the experimental procedure involved
compressing the punch through the rig at a fixed speed, using the computer
interface attached to the tensile tester. The experiment ran 2 sets of strips 30mm
and 20mm wide of TH330 unstoved Steel (a heavily characterised material in
the processing world [b8]). The compression speed chosen was 250mm /minute,
which was the maximum compression speed of the apparatus. The compres-
sive force measured by the punch was logged alongside punch displacement
every 0.2 seconds, and the other metrics were measured manually before and

after testing.

Thickness was measured before and after using double spherical-anvilled mi-
crometer with an error of =1 micron, widths and lengths were measured with
using a digital caliper with an error of £100 microns. The length measurements
suffer an additional error of £500 microns due to the fineliner marking method

used.
The method of setup and execution follows:

* A specimen is cut using a guillotine, from the stock coated metal, using a

stopped to keep widths consistent.

* The punch is returned to the "zero" position using the machine control,

and removed from the unit.

¢ If geometry change is necessary, the rig is removed from the tensile ma-
chine area and the holding bolts on each die removed. The desired com-
bination of spacers is inserted onto the bolt behind the die, and the die

reinstalled.
* The rig is then reintroduced to the apparatus.

* The ironing specimen is marked using fine permanent marker. Two lines
on each side with three points on each line are used to measure average

length and thickness on each side.

* The specimen is aligned by hand to the punch, and pre-bent over the
punch to reduce movement during the test. An elastic band is used to

fix the pre-bent specimen in place against the punch.

¢ The punch is reinstalled into the machine, and lowered until there is a

small clearance before meeting the ironing dies.
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* The measuring stick is affixed (tape was used for these experiments) to the
top of the die, and the rig aligned central to both axes using the wooden

alignment block.

* Once aligned, the maximum force load was set on the tensile machine at

20kN (dictated by the load cell used), and the compressive test executed.

* Once the punch was free of the dies and the specimen released, the ma-

chine was stopped.

¢ The tensile machine was powered down, and the specimen removed from
the compression area, before powering the machine back on to zero the

punch again.
* Each specimen was repeated 4 times

Geometric measurements and force results can be seen in tables BA. Each data
entry listed represents the mean result of the 4 repetitions - the standard de-
viations of all measurements are listed in table B5. From this data, the exper-
iment is clearly reasonably repeatable, and there is no significant different in
deviations from one tooling setup to the next. The lengths vary more signifi-
cantly than width or thickness, which is to be expected since the error for length
measurement was two orders of magnitude higher thickness and several times
higher than width. This deviation in length measurements compared to thick-
ness and width highlights room for improvement, and the requirement for a
more accurate metrology method in future work.

TABLE 5.4: Experimental results from ironing 0.27mm thickness, 31mm wide, TH330
steel, with the bench-top rig in a compression tester.

Tool ironing Elongation %  Thickness Width

reduction % reduction % change %
12.22 8.03 11.76 -1.05
222 38.33 24.72 -0.49
34.44 47.5 38.99 -1.37
44.26 59.38 32.22 0.24

Now the experimental trials has succeeded, a simulation was created for bet-
ter comparison to the final built model. This simulation was run in 2D using
unity width CPE4R elements, a penalty-contact friction interaction of 0.1 mag-
nitude, and displacement/rotation boundary conditions to move the die over

the time step at the same speed (250mm/s) as the experiments. Simulations
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TABLE 5.5: Standard deviation (STDEV) of the raw results measurements used to de-
rive the metrics in table B4.

Tool ironing Length Thickness Width
reduction % STDEV  STDEV  STDEV

12.22 2.470 0.007 0.292
222 3.256 0.005 0.232
34.44 3.122 0.006 0.292
44.26 3.309 0.007 0.172

were undertaken at the same experimented ironing reductions, tested with and
without a spring element behind the die to account for the compliance and de-
formation present during the experimental process. Force data was scaled up
to match the widths of the experimental specimens. Results to the simulations
are seen in table b4, and figure 523 and demonstrate the Von Mises and
plastic equivalent strain distributions respectively, during the ironing process.
The behavioural difference between the engineering variables during various

extents of ironing is clear.

TABLE 5.6: 2D Simulation results from ironing 0.27mm thickness TH330 steel in
Abaqus

Tool ironing reduction % Elongation % Thickness reduction %

12.22 7.33 12.08

22.2 15.58 22.09
34.44 31.19 34.33
44.26 59.38 44.20
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FIGURE 5.23: Illustration of the Von Mises stress distribution plots of the rigid simula-
tions. A, B, C, D show 12, 22, 34 and 44% ironing respectively
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FIGURE 5.24: Illustration of the plastic equivalent strain distribution plots of the rigid
simulations. A, B, C, D show 12, 22, 34 and 44% ironing respectively

The results demonstrate some interesting correlations. Looking at figure B75,
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the closest matching experimental and simulation results are the Rig 20mm and
Sim rigid data sets. The similarity between these geometric results is promising,
however comparing this to the force results from figure 576, the relationship
clearly does not follow suit. From what has been established about the ironing
process, it is a reasonable assumption that similar ending geometry would re-
sult from similar ironing forces (given an identical setup), though this does not
appear to be the case. This discrepancy should be investigated in future work,
and is likely the result of other variables such as friction coefficients, compli-
ance in the force sensor etc., which have been considered. Whilst this differ-
ence should not be ignored - the forces experienced by the equipment was not
a focus of study;, as all tooling in the ironing process is frequently replaced with

use.

FIGURE 5.25: Graphical comparison of testing and simulation results on the final ge-
ometry of the strip. Changes in elongation (Elong) and thickness reduction (TR) are
included.

Focusing on the curves for the spring-inclusive simulation and the 30mm speci-
men rig tests, it can be seen that the elongation measurements vary more signifi-
cantly than the thickness reduction measurements. This difference is likely due

to the decreased precision measuring rig specimen elongation using calipers,
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FIGURE 5.26: Graphical comparison of the reaction forces between rigid simulation,
sprung simulation and rig test. Similar colours indicate the results groups. The lines
within groups correspond simply as higher ironing creates higher forces.

compared to measuring thickness with the more precise spherical anvil mi-
crometer. Metrology in simulations was all done using Abaqus CAE, where the
distance calculations have minimal error. In order to better clarify what was
happening during the rig process, a specimen was ironed partially at 34.44%
tooling reduction, and the rig subsequently disassembled in order to remove

the specimen without damage.

Figure B27 illustrates the moment mid-ironing, and demonstrates the process
by which the steel specimen is ironed. It can be clearly seen that the lower
length of specimen has a smaller thickness than the higher section above the
landing interface - demonstrating clear thickness reduction during the process
(as opposed to a stretching effect, where thickness reduction and necking is
inconsistent throughout the piece). Using Image] image analysing software, a
sample measurement was taken above and below the ironing point. The two
samples measured at 24 and 19 (the units are related to the size of the image
and have thus been omitted). This equates to an approximate reduction of 21%,
which is not quite as high as the intended tooling reduction, but reinforces the

presence of ironing in the specimen.
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Ironing Die
Punch
TH330 strip
Specimen Direction of Force

FIGURE 5.27: Closeup photograph of the Ironing rig. Labels indicate tooling and di-
rection of driving force.

5.5 Optimising simulations to match rig output

The data seen in figure 23 clarifies the efficacy of using the spring element on
the ironing die to replace the rig compliance effect in the model. Observing the
differences in results, it is clear that the spring coefficient linearly changes the
results (as is to be expected, since the level of ironing is effectively being re-
duced). When considering the geometric test data, the thickness reduction is a
far more robust solution than the elongation. Since the apparatus for measuring
thickness was much more accurate, there is very little error across the measure-
ments compared to the drawn and hand-measured line grid used for elongation
(seen in figure B78. The clear bend occurring in the specimen was a result of
unequal ironing occurring across the dies - causing one side to be ironed (and
elongating) faster than the other. The average of six measurements taken across
the elongation marking lines were an attempt to minimise the significance of
this, however the overall effect diminishes the accuracy of the elongation mea-

surement, compared to the thickness.

With this discrepancy in mind, it is evidently a better idea to take all three met-
rics as a more robust solution for comparison (force, elongation, thickness re-

duction). Observing the rig-test thickness-reduction results, it appears the ideal
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FIGURE 5.28: Photograph of an ironed specimen after testing. The black lines were
used as before/after markers to measure elongation.

simulation solution runs between the perfectly rigid and the sprung ironing
dies. The natural progression with this data was to run a study on the spring
coefficient to see if a value could be reached that better matches the output data

of a rig test.
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The rig test data for the 22% ironed strip as well as the corresponding iron-
ing simulation was imported into Simulia Isight using the Abaqus and Data-
matching model, and in addition the calculator module was added. By specify-
ing coordinate outputs for certain nodes, and manipulating these coordinates
using said calculator module, parameters for thickness and elongation were
able to be derived. Using these parameters an Isight optimisation was possible,
targeting not only the data-matched force values but also the final elongation
and thickness-reduction values from a rig test. However since only 1 parameter
was in use, a Parameter Study was used instead - which maps the same design
space with a predefined array for the chosen parameter. Figure illustrates
the optimiser evolution and demonstrates the general progression of the spring
coefficient. Data from figure for the 20mm Rig specimen was truncated and
normalised to produce smoother data for a unity-width, steady-state specimen
to enable a better comparison for the data matching. This data was then com-
pared to the experimentally obtained data using a sum of squared difference
method.

v | . =
PARAMETER_1_spring_stiffness_W... Elongation Sum of the Squared Difference Thickness

4 1 1l ] -2.481389578E-5 | -LE#4774851E-15
¥4 1 2 20000 0.1726923077 69509,12455 -0.1455555556
W 1 3 40000 0.2147022333 39333.25123 -0, 1774074074
V4 1 4 60000 0.2349379653 29773.37077 -0.1914814815
\( 1 5 30000 0. 2463027295 28455.90344 -0.1985185185
¥4 1 6 100000 0.2533126551 24223,88133 -0.2037037037|
W 1 7 120000 0.2581885856 21214,70837 -0, 2066666667
\/ 1 8 140000 0.2617369727) 21189.79287 -0.208 9
« 1 9 160000 -2,109151141E-4] 6656,689463 1,151342396E-14
W 1 10 180000 0.2665632754 21112,30504 -0.2113518519
¥4 1 11 200000 0.2682754342 19874.84019 -0.212952963
\( 1 12 220000 0.2697146402 19181.33478 -0.2137037037]
¥4 1 13 240000 02708436725 18593,64057| -0.2140740741
W 1 14 260000 02713858561 18409, 70808 -0.2144444444
V4 1 15 230000 0.2727295235 17958.96751 -0.2144444444
\( 1 16 300000 0.2735235732| 18005,7322] -0, 2144444444/
¥4 1 17 320000 0.2741811414 18155,23881 -0.2144444449
W 1 18 340000 0.2747766749 17857.84804 -0.2144444444
\/ 1 19 360000 0.2753101737| 17758.92583 -0.2144444444/
\( 1 20 330000 0.2757940447| 17533.46133 -0, 219444444441
¥4 1 21 400000 0.275191067 17418.85614 -0.2144444449
W 1 22 420000 0.2765508685 16865.55641 -0.2144444444
\/ 1 23 440000 0.27691067 17075.03984 -0.2140740741
« 1 24 460000 0, 2772208437 16598.37651 -0,2140740741
¥4 1 25 430000 0.2775186104 16768,38533 -0.2140740741

500000 02777791563 16682.01944 -0.2140740741

FIGURE 5.29: Illustration of the design process for the spring parameter study

The parameter study was stopped once changes to elongation and thickness re-
duction were no longer significant. Using Isight procured a reasonable match
between the ideal rig-obtained results and the elongation and thickness-reduction
geometry measured from the model. However whilst the geometric compar-
isons were favourable, the force matching was less than ideal during the opti-

mised result. Figure illustrates the comparison to the experimental result
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FIGURE 5.30: Graph showing the force comparison between the optimised spring co-
efficient simulation data, and the truncated and normalised force data previously seen
in figure

It became apparent that there was an overlooked variable in the optimisation,
and that optimising the spring coefficient alone was isolating the effect and not
fully representing the rig behaviour. Given the relationship between friction
and reaction force in Amonton’s first law of friction[175], as well as Coulomb’s law
of friction[126] the coefficient of friction used in the model may be a defining
factor in the forces generated - even if it does not alter geometric deformation

as drastically. Equation BTH demonstrates Coulomb’s approximation.

Ff < uF, (5.15)

A new optimisation was set up as before using a Downhill-simplex routine,
once again targeting elongation and thickness-reduction, and minimising the
squared difference between the force data. However this time, the friction pa-
rameter was entered as an input alongside spring stiffness, and the optimiser

ran driven by the two.
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TABLE 5.7: Tabulated data comparison of the measured geometry for the optimised
models and original test data.

Results set Elongation ~ Thickness reduction =~ SumYsqrdiff
Test data 26% -21% N/A
Spring pt. 27.8% -21.4% 16682
Spring/friction opt. 25.6% -20.5% 39.2

The results firmly proved the hypothesis that friction was the missing link in
matching forces. Whilst the elongation and thickness reduction were affected,
the force data was affected to a far greater extend. Figure B3T illustrates the
initial optimisation data alongside the new friction/spring optimised solution.
The difference in shape at the beginning of the curves is a result of the differ-
ences in starting conditions between the simulation and the rig. In the rig, the
metal strip is bent to shape, but not perfectly formed to the die - whereas it is in
the simulation. As a result, the reaction forces in the initial contact phase will
be slightly different.

FIGURE 5.31: Graph showing the force comparison between the new friction/spring

optimised spring coefficient simulation data (i set to 0.146), and the truncated and

normalised force data previously seen in figure B28. The spring optimised solution is
also included for clarity.
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The data for the friction/spring optimisation clearly matches the test data to
a much better degree than simply using an optimised spring coefficient. Ta-
ble b7 shows the results comparison between optimisations. Whilst the fric-
tion/spring optimisation isn’t as close geometrically as other more rigid solu-
tions displayed in figure B79, the data matching value of sum-squared differ-
ence is significantly better (improved from 16,600 to 39.2). When compared
with relative error, the friction/spring solution is only 1.5% out on elongation,
and 2.5% out on thickness reduction. Ultimately this is not only a much bet-
ter solution than the alternative spring-only optimisation, but also a generally

robust match for the original test data.

With a suitable value of y obtained, and the spring coefficient sufficiently em-
ulating the compliance in the rig, there is finally a validated model which can
accurately depict the behaviour of a specimen during ironing for TH330 un-

stoved steel.

5.6 Design points of interest and failure modes

During the use of the rig, it became increasingly apparent that variance of re-
sults was slowly increasing. With each pass of ironing the chances of a skewed
specimen or failed test increased, and setups which originally provided clean
ironing were beginning to give inconsistently successful results, and eventu-
ally complete failure. Figures and B33 demonstrate the output difference
between two identical tests, undertaken months apart (with hundreds of tests
and calibrations between). It’s possible that human error is to blame, but un-
likely given the same operator and methods in both cases. After a few hundred
tests and calibrations, every specimen was ironing inconsistently after only a
few centimetres. A number of calibrations were re-adjusted including bolt pre-
tension, as well as die height alignment (achieved by inserting shims of varying

thickness beneath the die on either side).

Eventually the die were remeasured, and were flagged as the main issue. Depth
measurements varied by as much as 50 microns throughout the width of the
die, which were causing inconsistent ironing across the width of the specimen.
Looking back to figure b33, these results are consistent with skewed ironing re-
ductions. The curved side of the specimen has clearly been ironed more, which

causes more elongation on one side - thus causing the skew. Since the skew is
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Front view

Side view

FIGURE 5.32: Photograph of a successfully ironed sample. The ironing on each side is
approximately equivalent, and no skewing has occurered.

a result of greater elongation on one side: forcing material to the side of lesser

ironing, the issue appears to be self-propagating, with specimens skewing more

-132 -



Chapter 5. Developing a rig to demonstrate the ironing process

Front view

® Side view

Visibly skewed ironing

FIGURE 5.33: Photograph of a typical "skewed" specimen failure from front and side
view. Red dot indicates the same area on both views.

dramatically the longer they are ironed. In this sense however, it is possible to
get a moment of "good" ironing at the beginning of the test, before skewing is
out of control - though it should still be noted that the specimen will still not be

evenly ironed.

Clarifying this issue highlights a major point of design consideration. Inevitably,
the uneven wear have a few major causes: alignment issues, uneven loading,
and failures to name some. Alignment issues concern any test or calibration

where the punch and specimen has not entered and passed the dies exactly
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parallel in both planes. Even a slight angular entry causes uneven wear on one
side or another (as ironing begins momentarily sooner on one side), and wears
both the punch and dies unevenly. Uneven loading concerns situations where
the specimen has not been perfectly centred during loading. Some tests were
intentionally loaded to one side in order to gain access to photography of the
process (one of the major interests when designing the rig). Unfortunately these
non-centred specimens cause a specimen edge to be clamped between two dies
- potentially causing a microscopic permanent deformation in the die during
the process. Theoretically this happens every time a specimen is used which
does not perfectly match the die width, but it was assumed that an equal in-
dentation pattern would not dramatically affect the results. Uneven loading
naturally causes a singular indentation as opposed to an equally spread pair
of indentations, which is perhaps a larger issue. Finally, failures cause a com-
bination of the aforementioned issues. Retrieving a specimen after failure is
incredibly difficult and requires either forcible removal, or disassembly of the
rig. Either way, uneven wear has occurred by the point of failure (assuming

failure is asymmetrical, as has been the case).

Briefly, lubrication was investigated to solve the issue. In conceptual trials for
polymer-coated cans, the PET layer itself reduces friction enough that lubricant
isn’t necessary (water is still used for cooling the tooling). An available ma-
chine oil was mixed with water in concentrations of 100%, 50%, 25%, but each
lubricant trial failed to make any different to force readings, and appeared to
be "scraped off" by the tooling, so lubrication was not pursued as a solution.
Various coatings such a Titanium Nitride could be used in future iterations to
reduce wear on the contact parts, but cost and specification of the prototype did

yet not merit this change.

Generally speaking, these issues were all accounted for during design. The de-
cision to heat-treat the dies was an attempt to manage the wear on the tooling,
but a major issue with the planar alignment is the self-propagation of said is-
sue. Even a slight difference in manufacturing of the aligning plates (which
inevitably occurred, since the tolerance of the grinding machinery was around
100 microns) would theoretically cause slight uneven thickness reduction dur-
ing the tests, and this uneven ironing would cause uneven wear. This uneven
wear then causes more uneven ironing, in a cycle which continues until failure

occurs at every test (a point now reached with the concept rig.)
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This issue should not necessarily be attributed exclusively to the rig, however.
Tool wear is an inevitable part of the ironing process, but ironing with cylin-
drical specimens potentially skews any data gathered for comparison with the
strip-ironing rig. When a strip specimen is formed unevenly, a failure such as
the one seen in figure 533 can be clearly observed. However if the same uneven
wear occurred on a cylindrical can specimen the "skewing" cannot occur in the
same way, and may instead be the cause of problems such as earring [127]. In
this sense, the issues on the bespoke rig may be the exact same issues encoun-
tered during can-making - simply manifesting in a different way due to their
differences in geometry. Unfortunately it is difficult to tell at this time, however

investigating both defects may in future prove a relevant comparison.

A future design iteration would certainly use a harder material for the dies
and punch. Tungsten carbide is generally used in the industry for such tooling
(though at significant cost) so it’s advisable to use that same compound to min-
imise wear. As mentioned, the alignment issues are inherent to planar ironing
and changing to cylindrical design (whilst effectively minimising the alignment
issues) defeats the purpose of the open-sided rig somewhat. Instead the focus
should remain on tolerance during build, and even some further calibration for
use during testing. Fitting a measuring system and a threaded adjuster would
enable better calibration of the distances from front and back of the die during
ironing. Wear is inevitable so taking steps to reduce and compensate would

seem to be the main target in a future build.

5.7 Conclusions

The aims of this chapter have been fully achieved: the bespoke rig was capa-
ble of performing the ironing process with available testing equipment, and a
combination of ready-characterised metal specimens and polymer-coated spec-
imens allowed both the rig’s compliance, and the polymer layers to be ac-
counted for. Though the data gathered from the rig is not perfectly accurate,
the work demonstrates a fundamental basis of validation for the modelling ap-
proach created in chapters B and B. For the purpose of this project, the short-
lived rig met its purpose and provides reasonable data for the final part of the
thesis. The next branch of work in chapter B covers the final optimisation of
the contact-definition modelling approach devised in chapter 8 using the data

gathered from the ironing rig.
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Chapter 6

Furthering the FEA models using

optimisation.

6.1 Introduction

With the ironing rig complete and the corresponding simulations optimised
to account for the correct compliance within the material deformation, an op-
portunity to further optimise the polymer contact definition arose. This chap-
ter aims to cover the progression towards a substantially physically verified
contact-definition method to model the polymer-coated steel in Abaqus. Once
the contact definition is adequately characterised from real-world data, there is

nothing prohibiting a final DoE study on the polymer-coated DWI process.

6.2 Revisiting the optimisation of the contact defini-
tion

The previous optimisation derived congruent spring and friction values for the
specific setup in question: namely tempered tool-steel dies with TH330 un-
stoved specimens. The advantage of that optimisation is that the spring co-
efficient which represents the compliance within the entire ironing rig is going
to be consistent regardless of which specimens are put in, and what levels of
ironing reduction are undertaken. A further optimisation can be undertaken,
revisiting the previously estimated PET coating pressure/over-closure defini-
tion which was only validated against existing PET material data. By transfer-

ring the derived spring coefficient into a new model but resetting the friction
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Specimen ID  Elongation % Thickness reduction %

PET-Steel 1 21.6 17.26
PET-Steel 2 22.0 17.08

TABLE 6.1: Comparison of the final geometry of two 30mm width PET-coated steel rig
specimens, ironed at 250mm /minute with a tooling thickness reduction of 20%

coefficient, the exponential definition can be optimised alongside the PET fric-
tion coefficient to create a new contact definition which is validated against

real-world ironing experiments on the PET-coated steel.

Though this new definition would appear to stem from more unknowns than
the previous optimisation, it is important to revise that the PET pressure/over-
closure definition is only intended to model the PET coating’s contribution to-
wards geometric change within the ironing process. The purpose of these mod-
els are not to demonstrate or predict coating failure, but instead to predict steel
failure and resulting geometry (which the PET coating has no bearing on except
to alter the thickness of the blank). For this reason any combination of friction
and exponential coefficients which correctly emulate the PET coated steel spec-

imen is acceptable substitution for modelling the coating itself.

The ironing rig experiments with PET-coated steel were undertaken with the
exact same setup as the previous TH330 experiments at 250mm /minute, and
geometry measured with marked lines and a spherical anvil micrometer. The
only notable difference is that the percentages of ironing reduction necessarily
change slightly to account for the difference in material thickness. Since the
spacing washers are finite and their thicknesses unchangeable, the combina-
tions are limited and experiments must settle with whichever combination pro-
vides an ironing reduction closest to that desired. The PET-coated specimens
were undertaken towards the end of the ironing rig’s useful duty; subsequently
only two specimens were able to be properly measured before excessive skew-
ing became an issue. The results of the two specimens are very similar and
provide a confident basis of comparison to simulations. Results are shown in
tfigure b1 and table B

For the comparative simulations, Isight was set up with a Downhill-simplex
routine to optimise both the exponential definition (equation B3) and the fric-
tion coefficient (since friction for PET and steel was still unknown). The spring

coefficient derived from the previous Isight optimisation was input as a fixed
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FIGURE 6.1: Punch reaction force of the two PET-coated steel rig specimens, graphed
directly from the datalogger.

Specimen ID Elongation % Thickness reduction %

PET-steel sim optimised 23.04 17.68

TABLE 6.2: Geometric results of the friction/exponential definition optimised simula-
tion for PET-coated steel strip.

value to account for the known compliance in the rig. The optimiser outputs
used a target match for the elongation and thickness reductions obtained from
the rig results in table B, as well as a minimising Y-square-difference target
for the normalised force data from figure Bl. To normalise the force, the val-
ues were divided through by -30 to create a positive force value for Imm of
specimen (as the simulation models). No bounds were introduced for the inde-

pendent variables as the design space was unknown.

The results demonstrate a positive match in both force results and geometric
data. The difference in initial force curvature is be explained by the difference
between simulation geometry and rig tests: the simulation begins with a pre-
curved specimen whilst the experiment bends the specimen into place at first
contact (this is why the force line gradient begins smaller for the experiment
result). Ultimately, the contact model and friction coefficient derived from the

Isight optimisation are suitable for further study, and the geometric differences
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FIGURE 6.2: Comparison of the newly optimised contact definition simulation for PET-

coated steel (including friction), and the truncated normalised data for a PET-coated

steel specimen from the experimental ironing rig. The original contact definition has
been included for clarify of comparison.

are acceptable for a project of this scale. The optimisation has therefore suc-
cessfully reached a set of parameters which are suitable for modelling the PET-

coated steel specimens in the ironing rig.

6.3 Conclusions

The aims of this chapter of work have been sufficiently achieved, and the contact-
definition model is suitably matching real-world polymer-coated data from the
previously developed ironing rig apparatus. Using the data from the work un-
dertaken in chapter B, the compliance of the apparatus was accounted for, and
now using a combination of data, both the friction values and force-overclosure
data have been calibrated such that the end result of the model adequately
matches the end result of the experiments. Though this is not firm confirmation
that the behaviours in the modelling process are identical to the experimen-
tal process, the work in this chapter supplies sufficiently matching end results
which suit the scope of the project. The next and final chapter will combine the
work undertaken throughout the project to perform a DoE study on change-
able parameters in the polymer-coated DWI process, to better understand the

significance of each, and their interactions.
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A Design of Experiments for a full

DWI process.

7.1 Introduction

Having completed and verified each individual constituent of the FEA model
in chapters B through B, the natural progression was to assemble a full food
can DWI process model and undertake a final DoE to demonstrate and explore
tooling geometry. This DoE intends to explore the various unknowns concern-
ing tooling geometry, and in some way quantify the relationship between those
parameters and the final can geometry - as well as mapping the design space
for interactions between said parameters. By the end of this chapter the DoE
aims to grant a broader insight and understanding behind the effects of chang-
ing the various parameters of tooling geometry in the polymer-coated food can

DWI process.

7.1.1 Initial full DoE using optimised contact definition

A run was assembled using Simulia Isight in a similar manner to previous DoEs
in this thesis. The DoE design used an optimised latin hypercube[128] method,
driven by the data matching algorithm created a design space exploring combi-
nations of 4 tooling parameters at 33 levels recording two outputs. The inputs
and outputs are listed in tables [ZT, and the formula for % reduction calcula-
tions found in equation [Z1l. The blank thickness used for the FEA DoEs in this
chapter was 0.285mm, with a 30um and 20um PET coating inside and outside

(of the final can), respectively.
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Independent variables | Dependent variables

(Inputs) (Outputs)
Redraw radius Mean wall thickness
Redraw reduction % Mean Can Height

Iron inlet angle (degrees)
Iron reduction %

TABLE 7.1: Input and output parameters for the Design of Experiments studies.

T -0
Reduction(%) = w x 100 (7.1)
blank

Where:
Tv1ank = Initial thickness of the pre-cut blank.
1001 = Distance between the deformation tool (i.e. ring die) and the punch.

Reduction(%) = A positive measurement of over-closure interference.

In equation [Z1], a reduction of 50% effectively designates the tooling interfering
with the blank through 50% of the blanks thickness. Similarly, a negative 50%
reduction demonstrates a gap between the edge of the blank and the tooling,
which is 50% of the original blank thickness, and a 0% reduction means the
blank touches both the punch and ring die with no clearance and no interfer-
ence. The results from the DoE are tabulated in table [Z2 and [Z3.

Of the 33 runs, 5 failed during analysis (likely due to incompatible geometry
generation)vs. Fitting an accurate, reliable response through this limited DoE
proved challenging, as the error sample was only 6 of 28 successful runs. Both
linear and quadratic polynomial responses yielded unreasonable error margins
with coefficient of determination (r?values) of less than 0.6 and 0.5 for height
and thickness responses, respectively [29]. Whereas a cubic response provided
very good r values, but the fitting curve did not adequately represent the data.
These error predictions are derived in Isight by subtracting a sample of points
and comparing the remaining DoE against them. By doing so, the overall DoE
response sample is reduced, so ideally a DoE must have enough runs to subtract

a reasonable error sample whilst keeping the design space density required.

The conclusion drawn was that the 33-run DoE had insufficient data to perform
an accurate response surface and error sampling, and so the project opted for a

larger DoE with the same parametric setup.
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7.1.2 Second full DoE

A further DoE run was executed using a larger Optimised Latin Hypercube
(OLH) method of 99 distributed points. For an OLH, each parameter is set to
one of 99 levels simultaneously and independent to any other parameter. OLH
is not the most robust method for a DoE as there are no repeating parameter
levels, but it cuts down computational runs significantly and was necessary in
this case. Parameters for the DoE were bound by logical geometry constraints:
a minimum height and thickness output of 0, and an equal priority weighting
for each. Setting boundaries in this way prevents the iterative solver from pro-
ducing technically favourable results where thickness and height tend towards
negative infinity and (positive) infinity, respectively. Similarly, reasonable lim-
its of /pm 100% of the base values for each parameter were imposed (though
these limits were never approached in the DoE). The resulting thickness was
measured using a repeated point-distance calculation on the resulting mesh, at
a certain height from the base. The height was measured from the base to the
trailing edge of the can, in full. It should be noted that these methods of cal-
culation are susceptible to anomalies, but ensure that specific geometry data is

not lost through mean calculations.

11 runs failed entirely, leaving 78 successful result-yielding runs. These suc-
cessful runs were used in a response surface method in Isight, where 15 were
used for the error sampling using a random distribution, which was repeated
with varying seeds until a fair distribution was found; this occurred repeatably
at seed 55550. Linear, quadratic, and finally cubic polynomial responses were
tested, but ultimately the cubic response provided the best fit for both depen-
dent variables, compared to the error sample. which yielded r? of 0.790 and
0.925 for thickness and height, respectively, with root-mean-squared error val-
ues at 0.067 and 0.0979. The error plots can be seen in figures 1 and [Z2 and
the formulaic relationships between independent and dependent variables are

calculated and summarised using equation [Z2.
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FIGURE 7.1: Response surface method error for thickness calculations in Isight. Actual

data points from the DoE are graphed against the predicted behaviour derived from

the error sample. For an ideal prediction, all points would lie on the black diagonal
line. The blue line represents the median value of the "actual" data.

FIGURE 7.2: Response surface method error for height calculations in Isight. Actual

data points from the DoE are graphed against the predicted behaviour derived from

the error sample. For an ideal prediction, all points would lie on the black diagonal
line. The blue line represents the median value of the "actual" data.
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Thickness = — 4.20398040988642 x 10~ * x3

—2.35444466898959 x 107 x4x3

+1.34296845859951 x 1072 x4xp +3.09009195419495 x 102 x4xq

+ 7.37664799812606 x 10~° x3
— 2.15319062718833 x 107> x3x1
+ 8.36048405233123 x 10~* xpxq
+2.25291241775414 x 1072 x4
— 1.0239606628168 x 107> x»

— 8.49699533264436 x 102

Height =0.191151461537747 x5

+1.34731622353091 x 1073 x4%2
+ 3.78809695624122 % 102 x

+ 1.22454828674102 x3x1
—0.788731732891031 x2x1
— 10.8199138253757 x4

+ 0.512881736149142 x,
+ 273.401598928401

For equations /2 and [Z3:

Input Parameters:

x1 = Redraw radius

xo = Redraw percentage-reduction
x3 = Ironing inlet angle

x4 = Ironing percentage-reduction

Output Parameters:
Y1 = Mean thickness
Y2 = Mean height

+3.4274827808275 x 10™° x3x2
—4.95216850097045 x 1076 x3
+0.100377627885726 x5
+1.25659099139762 x 107> x3
—0.18741729814435 x;

(7.2)

—1.18651531035105 x 102 x4x3
—0.346132151614122 x4%;
—1.47542069761466 x 102 x3x,
+4.12366422473839 x 107> x3
1-81.4013890859179 x3
—0.66065609296687 x3
—91.5390408868861 x;

(7.3)
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From equations [Z2 and [Z3, parametric contributions may be observed by analysing
the magnitude of the coefficient belonging to each parameter (single x term) or
parametric interaction (polynomial or multiplied x terms). Whilst every co-
efficient has a very small magnitude, certain patterns still appear observable.
For example, x; (redraw radius) seems to provide a more significant impact on
the height output compared to x; (redraw percentage-reduction). This signif-
icance diminishes far below both numerical values when the two parameters
are interacting however - highlighting the unreliability in using the formula co-
efficients as the basis for accurate analysis. Equations [Z2 and [Z3 are displayed
graphically in figures to [ZT14, which illustrate the interaction between two
independent variables and the resulting dependent variable in the colour-band
legend. All independent variables not displayed were kept to their base values

in all following figures.
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FIGURE 7.3: Contour plot illustrating resulting can height for changing Ironing inlet
angle and Ironing percentage-reduction parameters during the DoE.
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FIGURE 7.4: Contour plot illustrating resulting can wall thickness for changing Ironing
inlet angle and Ironing percentage-reduction parameters during the DoE.
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FIGURE 7.5: Contour plot illustrating resulting can height for changing
percentage-reduction and Ironing inlet angle parameters during the DoE.
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FIGURE 7.6: Contour plot illustrating resulting can wall thickness for changing Redraw
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FIGURE 7.7: Contour plot illustrating resulting can height for changing Redraw

percentage-reduction and Ironing percentage-reduction parameters during the DoE.
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FIGURE 7.8: Contour plot illustrating resulting can wall thickness for changing Redraw
percentage-reduction and Ironing percentage-reduction parameters during the DoE.
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FIGURE 7.12: Contour plot illustrating resulting can wall thickness for changing Re-
draw radius and Ironing percentage-reduction parameters during the DoE.
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The data from the larger DoE is better represented in figures T3 to [ZT6, which
combine the plots of both height and thickness for each combination of param-
eters. Itis difficult to represent more than a single parametric interaction or out-
put in a visual space, so the height plots are illustrated as 12 equally distributed
contour bands throughout the output scale. The wall thickness is illustrated
in the coloured contour plot, with the height illustrated as overlayed contour
bands.

These 3D-style plots are capable of showing both single parametric implica-
tions, as well as parametric interactions between the X and Y axes. As one
interprets these figures, it is important to understand that the DoE results (and
plotted graphs) can only demonstrate parametric implications of interaction
between the parameters on the X and Y axis. A relationship between two in-
creasing parameters may not hold true as a different parameter increases or
decreases, and further parameters may play a significant role in the interaction,
unexplored by a DoE of this magnitude. Such is the difficulty in mapping the

design space with a complex model [130].

Figure [Z13 clearly illustrates two parametric implications on both thickness
and height outputs. The Ironing percentage-reduction (ironing reduction) param-
eter holds a strong correlation with height: both parametric input and output
increase linearly together (and this relationship holds regardless of the redraw
radius). Similarly, the thickness follows a linear decrease as the ironing reduc-
tion is increased. These kinds of behaviours are completely expected when
dealing with the DWI process, as an reduction in clearance (and thus an in-
crease in ironing) causes increased deformation - and the deformed metal man-
ifests in a longer can with thinner wall-thickness, as explained earlier in this
thesis. In this scenario, the implication of a decreasing can thickness is not al-
ways positive. It is currently unknown whether the minimum wall thickness
for a polymer-coated can would be the same as the existing industry standard,
so this may be an unforeseen limiting factor upon the adjustment of redraw and
ironing radii.

The height bands increasing below the 29% mark are an area for concern, though
this sort of unexpected behaviour can often be attributed to interpolation/ex-
trapolation of the iterator as it attempts to map a full design space based only

on an optimised hypercube of analyses. It is inevitable that certain areas of the

design space will be more explored than others - more densely populated with
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FIGURE 7.15: Contour plot illustrating resulting can wall thickness and height for

changing Ironing inlet angle and Ironing percentage-reduction parameters during the DoE.

The wall thickness is illustrated in the coloured contour plot, with the height illustrated
as overlayed contour bands.

design points, and in the sparser areas the behaviour can be less reliable. It is
not expected that reducing redraw reduction below a threshold point would

increase can height, since this seems to defy conservation of volume.

Conversely, the Ironing inlet angle (inlet angle) seems to make little difference to
both height and thickness outputs in this case. If the assumption can be made
to ignore the height anomaly at 89.00, in fact inlet angle provides little impact
whatsoever on the outputs, regardless of redraw reduction. Once again this
is a heavily-expected outcome for that parameter, as Crown’s inlet angles for

ironing dies generally correspond to a desired surface finish, and not geometry.
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FIGURE 7.16: Contour plot illustrating resulting can wall thickness and height for
changing Redraw radius and Redraw percentage-reduction parameters during the DoE.

Figure ZTA demonstrates some interesting interactions between redraw radius
and redraw reduction. An area of red in the bottom-left corner indicates an
increased thickness during low redraw-reduction and low redraw radius, but
increasing either parameter causes decreased thickness, which is not something
expected of the redraw radius parameter (though it is expected of redraw re-
duction). Furthermore, the height bands demonstrate a similar behaviour, in-
creasing in diagonal, near-parallel lines from bottom-right to top-left of the plot.
However It should be noted that an increasing height should be partnered with
a decreasing wall-thickness (red patterns bottom right with the lowest height
band, blue patterns top-left with the maximum height), and this does not ap-
pear to be the case in this plot. This may be indicative of interpolative/extrap-
olative accuracy-loss during the formulation of the DoE output equation, or
specific anomalies being conglomerated the response. Given the mechanics of
drawing and wall-ironing, it would be expected that the graph would vertically
graduate from red (bottom) to blue (top) as an increased iron reduction caused
a decreased thickness. This is only true for low values of redraw radius - which

perhaps further reinforces the idea of data inaccuracy for this plot.
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Though the possibility of redraw radius creating a positive effect on reducing
the severity of increased redraw reduction cannot be completely discounted
without further study, if this were true one would not expect to see an increas-
ing redraw radius both increase (at high redraw reduction )and decrease (at low

redraw reduction) the resulting thickness.

FIGURE 7.17: Contour plot illustrating resulting can wall thickness and height for

changing Redraw percentage-reduction and Ironing inlet angle parameters during the DoE.

The wall thickness is illustrated in the coloured contour plot, with the height illustrated
as overlayed contour bands.

Figure ZT2 shows more strong implications that redraw reduction decreases
wall thickness and increases height in a linear manner. Beyond a positive re-
draw reduction, the plot seems to indicate that ironing inlet angle has a limited
effect on both outputs, though there is some skewing to both the thickness and

height bands throughout, so the effect is certainly not negligible.

Below 0.0% redraw reduction (a positive clearance between tooling and speci-
men during redraw), some more interaction occurs between the two input pa-
rameters. It appears that a lot inlet angle with a low, negative redraw reduction

causes increased can thickness and decreased can height, but this pattern is
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lost above an inlet angle of approximately 4.10. Once again, this could be at-
tributed to an extrapolation error, but with 80 valid data points it is unlikely
that such resolution loss has occurred here, as to completely fabricate an area
of high thickness output. Combined with the behaviours seen in figure [ZTH, it
is possible that an unexpected behaviour is surfacing when redraw reduction
turns negative (and thus a clearance is introduced during redraw, instead of

interference).

FIGURE 7.18: Contour plot illustrating resulting can wall thickness and height for

changing Redraw percentage-reduction and Ironing percentage-reduction parameters dur-

ing the DoE. The wall thickness is illustrated in the coloured contour plot, with the
height illustrated as overlayed contour bands.

Figure IZT8 compares the two parameters which were hypothesised to have
the largest impact on resulting geometry. When tested alone, the percentage-
reductions of the tooling stages physically increase the interference during form-
ing, providing longer, thinner cans. The interaction between the ironing and
redraw reductions demonstrates a strong correlation between increasing ei-
ther/both parameters, and decreasing the output thickness whilst increasing
output height. Any increase in interference during the forming process is likely
to result in these outputs, so these results seem unsurprising when reading
through this thesis.
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However, once again the unlikely distribution of reddening in the bottom-left
corner indicates a threshold ironing reduction, before whilst a slightly increased
height outcome, and slightly decreased thickness outcome occurs. This area of
interest happens similarly to figure 17, below 0.0% redraw reduction. Since
this is the only parameter which introduces positive clearance during the DoE,
it appears increasingly likely that negative redraw reductions create an environ-
ment where the ordinary, expected parametric implications change. It should
be noted however, that the optimal latin hypercube method used for the DoE
creates a dataset where each parameter holds a unique value in each run. Ef-
fectively there are no two runs with the same ironing reduction, so it’s possible

that data has been lost or interpolated during the response surface fit.

FIGURE 7.19: Contour plot illustrating resulting can wall thickness and height for

changing Redraw radius and Ironing inlet angle parameters during the DoE. The wall

thickness is illustrated in the coloured contour plot, with the height illustrated as over-
layed contour bands.

Figure ZT9 demonstrates an important distinction in the interpretation of these
plots. In other plots the ironing inlet angle has made minimal difference to
the resulting geometries, whereas in this plot both parameters appear to cause

significant change in the output parameters. In figure [ZT9, the redraw radius
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appears to have a dramatic, linear decreasing effect on the can height, as well

as a threshold at which thickness is minimal.

These findings seem inconsistent with the results displayed in other plots: where
both parameter inputs appeared to cause only minor geometric change. Demon-
strating a hypercube in 2D space comes with certain limitations, and the inabil-
ity to demonstrate all parametric interactions in one plot is highlighted here.
For each of the 80 points used for this contour plot, every parameter was chang-
ing: not simply the two listed on the axes. This graph serves as a good reminder
that these results plots cannot be considered in a vacuum, as there are more pa-
rameters contributing to the outputs than can be seen at any given moment.
It is unlikely that ironing inlet angle suddenly finds significant contribution
towards can thickness, and more likely that another parameter is changing si-

multaneously to cause this shift.

FIGURE 7.20: Contour plot illustrating resulting can wall thickness and height for

changing Redraw radius and Ironing percentage-reduction parameters during the DoE.

The wall thickness is illustrated in the coloured contour plot, with the height illus-
trated as overlayed contour bands.
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Finally, figure reinforces some of the previously marked relationships. Iron-
ing reduction seems to strongly correlate with thickness and height, whilst re-
draw reduction shows a less significant (but still noticeable ) change to both.
Once again an area of interest exists at 29% ironing reduction and 0.600mm

radius.

7.1.3 Physical trial verification

After the complete DoE of the DWI FEA model, an ideal verification would be
to undergo physical trials of the same process, with the same setup (or a similar
design space if an identical setup cannot be completed.). Due to availability,
resulting cans from a previous DoE-style trial were documented with the same
metrology used in the FEA DoE, to enable a comparison with the simulated

design space.

The physical DoE was undertaken on Crown’s physical trial pilot line. The ma-
chinery was allowed to heat to its equilibrium temperature on unmeasured cans
between each change of tooling (the equipment heats up rapidly with friction),
and then cans were formed using a water lubricant for cooling. All resulting

cans were stored in the same conditions they were later measured in.

The output cans were measured at six points around circumference of the can
using a plastic sleeve with measured locations for marking equidistant points
(seen in figure [Z71. These six points allowed six strips to be considered down
the height of the can, and those strips were used during the measurement of
height and thickness. Figure 772 shows the method by which can height was
measured: the can is rotated through the six points and the gauge is adjusted
until the top of the can is met. Figure demonstrates the method of mea-
suring thickness: the can is inserted into the apparatus and a calibrated anvil is
pushed up to clamp the can wall, digitally measuring the distance remaining.
This process was done at 33mm, 66mm, and 100mm from the base of the can.
Mean heights and thicknesses were conglomerated, and the resulting measure-

ments can be seen in table [Z4.

-161 -



Chapter 7. A Design of Experiments for a full DWI process.

FIGURE 7.21: Plastic sleeve with 6 equidistant locations marked, used for marking
equidistant points onto an output can to enable accurate metrology at 6 different loca-
tions around the circumference.

FIGURE 7.22: Crown’s can height gauge. The screw on top is slowly turned until the
gauge touches the top of the can, at which point the measurement displayed is taken
as can height.
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FIGURE 7.23: Crown’s thickness gauge. The can is inserted onto an inverted triangle

and secured in place using the clamp (left). An calibrated anvil then meets the outside

of the can wall, and the remaining distance (the can wall-thickness) is measured using
the attached digital probe.
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Letter ID Redraw radius Ironland Burnish land

A 0.508 0.508 0.508
B 0.4572 0.508 0.508
C 0.4064 0.508 0.508

TABLE 7.5: Key for table [Z4, Burnish key only applies when burnishing die used.

Unfortunately, the design space available does not effectively match the simu-
lated design space. The limits for all parameters exceed those used in the FEA
DoE, and it was not possible to match the starting parameters of the blank. This
DoE serves as a good example of the format, setup, and metrology of a verify-

ing physical trial.

However, Since each constituent part of the FEA simulation was physically ver-
ified, the FEA DoE can still be used as a considerable opportunity to investigate
the interactions and relationships displayed in the results, though future work

would find great advantage in a full physical verification where possible.

7.1.4 DoE Evaluation

The experiments detailed in this chapter provide some clarity in mapping the
design space of the full DWI process of the polymer-coated food can. It is ev-
idenced that the DoE sensitivity to accuracy relies heavily on parameter and
run count. No reliable metric can be derived solely from the work detailed,
but it is clear that the 99-run DoE performs far better as an exploratory study
compared to the 33-run DoE. The numerical outputs for thickness and height
approximately match the magnitude and variation in results from the physical
DoE (which operates on a slightly different base geometry), indicating that the
polymer-coating contact model performs as an adequate substitution for mod-

elling the physical polymer layer.

Though several of the conclusions drawn from the extended DoE were ex-
pected (percent-reduction parameters dramatically affecting the wall thickness
and subsequent can heights), the observation of negative redraw-reduction af-
fecting other parameters is a phenomenon new to the project. This implication,
combined with the limitations of the physical trials as a comparative verifica-

tion, highlights the area for future study.
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7.2 Conclusions

Ultimately the FEA DoE featured in this chapter has been a successful explo-
ration into the previously unmapped design space of polymer-coated food can
bodymaking. The work serves as both an appropriate stepping stone for fur-
ther study exploring the complex parametric interactions of the process, and
equally a strong indicator that the novel technique of simulating a polymer-
coating using force-overclosure contact modelling is highly effective when nu-
merical metrology of the layer is not a priority. Whilst the DoE is not completely
conclusive, the work fully satisfies the aims of gaining insights and broader un-
derstanding of the relationships between tooling geometry, and demonstrates

a promising direction for future work.
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Chapter 8

Reviewing the project

8.1 Overview of the aims and conclusions

The aims and goal of this project centre primarily around the investigation and
exploration of a polymer-coated DWI process, as an alternative to currently
implemented DWI processes. In this chapter, the work will be summarised and

the major findings explained.

The aim of chapter B was to investigate the potential modelling directions for an
FEA simulation of the DWI process in both aluminium beverage cans and steel
food cans. This chapter primarily served to introduce the modelling methods
and expand upon advantageous techniques of FEA for use in the project. The
initial simulations undertaken in subsection B2 are simple and fundamental
milestones of the work, and demonstrated the ability of Finite Element Analysis
to effectively model the engineering variables such as stress and strain, as well
as the geometric deformation undergone during the DWI process. Subsection
B4 provided important utility for the basis of parametrising the larger models
later in the work and helped demonstrate the efficacy of restarting simulations.
Overall, the work in chapter B provided a valuable basis for understanding the

most efficient and effective methods for modelling the can-making process.

The beginning of Chapter @ proved significant value to the understanding of
modelling the complex polymer-coated specimen. The material testing work
undertaken in this chapter highlighted the challenges associated with proper
material characterisation of polymer-coated specimens. A combination of in-
creased friction and high aspect ratio differences for the materials layers cre-

ated inaccuracy with all the traditional material tests available; in compression
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tests it was accounted that the material data was being lost to machine compli-
ance. Overall the difference between the 30um thickness polymer coating and
the 250um thickness steel substrate, caused no valuable data for the polymer to

be recorded in any test.

The work followed on by investigating the capability of Abaqus to model the
polymer film with placeholder material data, comparing the traditional mesh-
modelled format with the novel contact-definition method (introduced in this
chapter). Using an Isight optimisation setup, various values for force and over-
closure were iterated until an exponential equation returned with matched the
available polymer data. Since this comparative data was gathered from a much
thicker polymer specimen, the promising results highlighted the requirement
for more relevant testing on the polymer-coated substrate. It was this require-

ment which led to the development of the ironing rig.

In chapter B, a rig was developed and manufactured to demonstrate strip iron-
ing at slow speed in lab conditions using the available bench-top tensile tester.
Starting from drawn concepts analysed via a pugh matrix, the FEA methods
and approaches from chapter B helped inspire the design of a rig which best
represented the ironing process, whilst keeping manual handling limitations in
specification. Basic calculations were used to get an approximation of the initial
build, and more advanced FEA models were used to optimise and develop the
rig design: minimising deformation during ironing and allowing for a spec-
imen wide enough that the effects of pinching at the specimen edge did not
heavily interfere with the overall deformation patterns. The rig settled on spec-
imens between 20mm and 30mm wide - the smallest model specimens which
did not demonstrate proportionally large edge behaviour. Specimens were kept
on the smaller side as further increasing width proportionally increased the

forces involved in ironing.

Once manufactured, the ironing rig proved effective at ironing steel strip spec-
imens at speeds of up to 250mm /minute, and later provided valuable data for
a small sample of polymer-coated specimens. Results from the experimental
setup showed proportionally increasing elongation and decreased final thick-
ness with increasing ironing reduction. These results matched expected out-
puts for the ironing process, demonstrating the rig’s accuracy towards the can-

making process. Rig tests for uncoated steel specimens were then compared to
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a set of simulation results for identical tooling geometry, which gave clear indi-
cation that the stiffness and friction of the FEA models were too high. Models
were then optimised with a spring and friction coefficient for the main tooling

ring, which eventually yielded data to match the experiments within 1.5% error.

Using the results and optimised coefficients from the ironing rig experimental
comparison, Chapter B focused on revisiting the force-overclosure contact def-
inition method for modelling the polymer layers. Understanding that the fric-
tion coefficient would differ but the stiffness of tooling would not, FEA simula-
tions were re-compared with results from the ironing rig experiments- optimis-
ing the force-overclosure and friction coefficient for the polymer contact model.
This optimisation yielded a contact definition for the polymer layers which ap-
proximately matched the reaction force curve of an identically tooled rig exper-

iment. This contact definition was decided sufficient for the final model.

Finally, chapter [ covered a full Design of Experiments model for a fully tooled
DWI process on a polymer-coated food can, using data and techniques from all
previous chapters. The DoE ran with an OHL method, and yielded 78 success-
ful result sets. These results were then matched to a cubic polynomial response
surface model which minimised 12 values of 0.790 and 0.925 for thickness and
height respectively, when compared to an error sample of 15 data points. This
response fit was used to calculate the formulae for deriving output thickness
and height for a given set of input parameters, and this in turn was used to
plot data for the unknown design space which matched expected behaviour for
many of the tooling parameters. A physical DoE was attempted with available
can data, but proved insufficient for validating the discoveries in the simula-
tion. Ultimately chapter [ provided a successful conglomeration of the work in
the thesis, demonstrating the capability of the contact-definition FEA modelling
approach as an effective alternative to meshing the polymer layer. The find-
ings of this project would benefit further work with a larger DoE and matching
physical experiments in order to fully validate the modelling technique, and
provide more accurate and repeatable prediction as to the implications and in-
teractions of the tooling parameters used in can-making, and their effect on the

output polymer-coated can.

Overall, this project has thoroughly contributed to the packaging research field.
The design, manufacture, and utilisation of the custom-made ironing rig pro-

vides novel research data behind the metrics of ironing strip metal, and offers a
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varied scope of future usage: including microstructural study of material mid-
ironing. In future design iterations, the rig could be adapted to deal with cylin-
drical geometry, tungsten carbide dies would offer increased resistance to wear
and deformation, and the addition of a load cell behind the dies would allow a

greater variety of force data to be captured.

The contact definition method of modelling polymer-coated metal demonstrates
a suitable alternative to meshing the coating, at a considerably reduced compu-
tational cost. The methods undertaken in this thesis could be utilised to model
any variety of coated materials where the behaviour of the coating is not the fo-
cus of study. A future optimisation with increased runs and parameters would
be beneficial to match a higher number of metrics to physical tests, and produce

a contact model with further increased accuracy.

8.2 Future work and study

The limitations of the doctoral project leave many areas of study relatively un-
touched or otherwise unexplored. This final section of the thesis provides a
brief overview of each chapter, and the possibilities for future study either un-

covered or encouraged by the work completed.

8.2.1 Chapter

The work on modelling the DWI process undertaken in this chapter left some
questions answered regarding the oscillatory behaviour of the elements during
contact with the tooling. Whilst a brief study was undertaken to investigate
whether the difference between explicit and standard solvers offered an expla-
nation, no certain verdict was reached. The primary work to follow from this
section would be an investigative study of the vibration modelling during iron-

ing process. The parameters to explore would be:

* Mesh density. Simulating with a wider variety of mesh densities, and
quantifying the magnitude of the oscillations occurring would allow an
understanding into whether or not snagging effects were responsible for

the fluctuating force readings.
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* Punch speed modelled, as well as inertial effects. It is possible that exploring
a wider variety of speeds during simulation (and indeed varying mass

properties of the material) would change the effect of the oscillations.

¢ Contact models. To fully explore the phenomenon, different kinds of con-
tact methods should be used for the various models to determine is the

penalty contact method is to blame.

8.2.2 Chapterd

Whilst the characterisation of the contact definition is covered in chapter B, the
question of material characterisation for the polymer remains. This project did
not have access to tooling sufficient to grip and test a polymer film in a tensile or
compressive testing machine; however this is the natural progression for char-
acterising the polymer. An apparatus with a much more sensitive force sensor,
and a different kind of clamping or fixing system for the specimen would be
required to fully test the mechanical properties of the thin polymer film. If the
polymer layer is to be modelled fully in the future, some delamination prop-
erties must also be quantified to properly simulate the interface between metal
and polymer. This could perhaps be achieved with a chisel-like apparatus at-
tached to a force sensor, which could provide metrology behind the stripping

of the polymer during ironing.

Once material characteristics were properly characterised, a more hollistic ap-
proach to modelling the polymer could be undertaken - focusing on meshing
types and methods. Since delamination failure modes would require fully-
meshed polymer layers, shell elements may provide a suitable middle-ground
between the heavy computational load of continuum elements, and the much
computationally cheaper (yet less data-yielding) contact method used in this
thesis. Exploring and utilising suitable meshing methods for a fully charac-

terised polymer would be an important feature of advanced work.

8.2.3 Chapter

As a prototype, the ironing rig leaves much room for improvement. If financial
limitations were not a concern, the following amendments to the design are

encouraged:
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* Tungsten Carbide (or otherwise carbide-coated metal) ironing dies. Whilst the
prototype performed it’s function, the longevity of the tempered steel dies
was less than desirable, and permanent deformation occurred in the order
of ~200 cycles. A harder die and punch material would allow more tests

to be undertaken before deformation failure occurred.

o Alignment. Another major challenge with the prototype was the proper
alignment of parts during calibration and specimen installation. Whilst
contacting parts were intentionally kept to a minimum (to minimise ex-
cess contact forces), some guidance system installed onto the punch and
the housing (like a laser pointer matching to a marked site), would enable
more repeatable installation than the marking system previously used.
This enhanced alignment would also reduce excess stress on a particular

die, and reduce the chances of uneven ironing.

* Specimen marking. It is clear that the successful ironing tests suffered pri-
marily from a lack of accuracy in the length measurements of the speci-
mens. Difficulty adhering any king of paint or ink to the food-safe poly-
mer layer left only manual markings as a possibility during the project,
but an etched or printed grid system, combined with digital image corre-
lation of the deformed grid, would serve far better for calculating defor-

mation and strain in the specimen.

* Tolerances. Naturally, the tolerances of the build could be improved for
better alignment and accuracy. Precision grinding the contacting and par-
allel parts would minimise risk of misalignment, and allow cleaner iron-
ing to occur. The hand-guillotine cutting method also leaves room for
improvement, as widths of specimens were subject to a higher degree of

error than if they were machine cut.

8.2.4 Chapterf

Since this chapter deals primarily in the combining of two previously explored

constituent parts, the future work is mirrored from chapters @ and B.

8.2.5 Chapter

This final piece of work provides a promising basis for future study, but lacks

more the depth of data involved in a more stochastic DoE. Some immediate
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improvements to this facet of the work would involve:

e If time was not a limiting factor, rerunning the DoE study with further
levels of parametric investigation. A full latin hypercube undertaken at
100 levels each would provide a better mapping of the parametric design
space, and allow for more finely tuned study of the interaction between
parameters. The geometric outputs of the can should be measured using
multiple calculated averages at varying can heights (as opposed to the
point-measurements taken in this thesis), to provide a higher degree of

accuracy and account for uneven deformation.

* The physical DoE used in this work as a reference model was unfortu-
nately undertaken long before the FEA study, and thus matching tooling
parameters were not possible. Undertaking a new physical DoE with the
geometric tooling setup mirroring the can geometry studied in this thesis,
would provide a much more advantageous comparison between FEA and
experimental results. Similar figures could be generated from the match-
ing experimental study, and a data-matching algorithm could be used in
Isight to determine the differences between the two outputs. Ultimately, a
further optimisation loop could be utilised in Isight to properly refine the
contact definition (or indeed all aspects of the FEA model) until results ac-
curately mirrored the experimental output. This would provide an iron-
clad confidence in the ability of the FEA model to accurately represent the
DWI process for polymer-coated cans: which would allow full confidence

simulating parametric combinations beyond experimental possibility.

8.3 Final Review

The aims set out at the start of this project have been achieved to a satisfac-
tory extent. Throughout the project the task of exploring, modelling, refining,
and even experimentally testing the polymer-coated DWI process has brought

about many challenges.

Whilst there is always room for improvement in engineering, the work under-
taken in this project has successfully created a firm basis of understanding be-
hind the complexities and difficulties involved in working with polymer-coated
metals in the DWI process. Equally, the project has given rise to both a novel

method of FEA modelling for the polymer-coated metals (in the form of the
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contact definition approach), and a prototype ironing rig capable of producing

ironed and part-ironed polymer-coated specimens for analysis.

The DoE study undertaken, calibrated and optimised with the new experimen-
tal data from the rig, and new contact definition modelling approach, provides
an interesting stepping stone into the full understanding of the DWI process,
and how these tooling parameters affect the final can. Fundamentally, the thesis
project has succeeded in fulfilling it’s aims, and the encompassed work serves

as newly explored ground in the area of polymer-coated processing.
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