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Preface

The subject of this research project was offered to me by prof dr. A. Vakis at the request of the Engineering
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The project proposal with the subject of “Advanced friction modeling and simulation of temperature
dependent friction in sheet metal forming processes”, fitted in my interest area concerning the research
and development process by finite element method simulations. Nevertheless, this project introduced
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as my level of specific knowledge to certain aspects. Consequently, this research project was most certainly
a good experience to take with me to future scientific endeavors.

In my collaboration with Philips, | would like to thank the whole metal forming department for their
helpfulness and their unprecedented amount of specialized knowledge. The metal forming team
introduced me deeper into the business side of research and a mindset that differs from the educational
side of research.

In particular, | want to thank my external supervisor ir. Mark Veldhuis for guiding me towards a complete
deliverable. During this integration project, Mark acted as a strict but fair mentor helping me reach a new
level of knowledge and gain new insights in both the project and myself. His thoroughness and structured
manner of working in this science-business context can be seen as a personal goal for me to work towards.

| would like to thank my supervisor, prof dr. Antonis Vakis for guiding and supporting me during this
research project. The useful remarks and calm guidance throughout the process helped in further
developing the inner scientific mentality and allows for positive development.

Also | would like to thank my second supervisor, prof. dr. ir. Jan Post for guiding me towards a proper
deliverable and for the entertaining conversations at the office.

This research project provided an experience that expanded my knowledge and gave me new insights in
the multi aspect nature of friction in metal forming processes and also in myself.

| am very content with my final draft and | hope you find this report enjoyable and informative!

Robbert Nienhuis
Groningen, 21 September 2018
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Summary

In conventional metal forming processes, normal loading and sliding motions occur which generate
frictional forces that can significantly affect the quality of the process and the product. The frictional
behavior at the tool-workpiece interface shows to be especially prone to temperature variations. During
the warm-up period, variations in temperature are occurring more frequently compared to the steady
state period, making this an especially hard process to predict and control.

Traditional FEM studies in companies, generally apply a standard friction model such as Coulomb’s friction
law in their simulations. The simple friction models are easy to use and enable fast calculations, however,
these models lack the complexity to fully encompass the total frictional behavior that is present. This
especially holds during the warm-up period.

This research project aims to implement and validate a simulation model that correctly captures the
impact of a temperature dependent friction coefficient in a metal forming process. Accurately forecasting
the frictional behavior enables to compensate for the rising temperatures during start-up via a control
system.

An adaptation on the model of J. Hol is provided, using the modified Bergstrom van Liempt model that
describes friction as a function of the local nominal pressure, strain, sliding velocity and temperature. The
advanced friction model aims at an optimum between output accuracy and computation time and is
implemented to study the temperature-induced frictional behavior in a two-step deep draw process.

In order to determine the impact of temperature on the deep draw process, subsequent numerical studies
were performed to determine the flange and hole diameter development for temperature increments of
293K at room temperature up to 373K, where the process is assumed to develop into a steady state.

The results of the sensitivity analysis confirm the dominance of temperature on the frictional behavior
over the influence of material properties, which is concluded to be minimal for the current deep draw set-
up. The total temperature dependency of friction alone takes up ~“80% of the total variation and the other
~20% accounts for the strain hardening in the development of the flange and hole diameter.

The results of the Bergstrom van Liempt model with full frictional table show that an increase in
temperature will result in an increase of friction and a decrease in temperature will result in a decrease of
friction. Consequently, a higher amount of friction during the deep draw process results a relative decrease
of the final hole diameter and a relative increase in the final flange diameter.

The results of the alternative Erichsen stretching validation show that a good fit is determined for the 323K
temperature increment between the deformation of the workpiece in the FEM simulation and the real life
workpiece. This concurs with the expectation that the best fit is reached for the temperature value closest
to the steady state period, from which the real life workpiece sample was taken.

In conclusion, the simulations of the modified Bergstrom van Liempt model show promising results in the
prediction the frictional behavior during the warm-up period of a deep draw process. The roughness and
lubrication variations together with alternative validation add to the applicability of the FEM model in
other metal forming processes. However, a full validation is still required to completely validate the model
and enable the development of control parameters that can minimize the product variations in the warm-
up period.
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Introduction

New product development teams are constantly looking for new innovative manufacturing technologies
that offers improved product performances at lower costs and better serves customer demands. At Philips,
the Research and Development department aims to realize a better shaving experience by focusing on
new and improved manufacturing technologies for high-precision metal key-components.

Mass-manufacturing tens of millions of high-precision parts for global consumption within strict
specifications is extremely challenging. Variations within the production process can lead to large rejection
rates and a lower yield. This is deemed highly undesirable since it leads to unnecessary amounts of wasted
materials, energy and costs.

In order to be able to predict and control possible manufacturing variations more accurately and reduce
the amount of rejected parts, Philips participates in the Advanced Simulation and Control of Tribology -
ASPECT project.

The ASPECT project is funded by the Interreg North-West Europe program and consist of 13 companies
and research organizations that focus on the innovation and the development of accurate and
computationally efficient simulation models that are able to predict the tribological effects in metal
forming processes [1].

In particular, the friction variation with temperature during the start-up of the production line, that is
estimated to be responsible for a yield loss of 25-40% [2]. A three-phase structure can be identified within
the project, which is shown in Figure 1.
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Figure 1 - An overview of the phases within the Aspect project [3]
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This research project is conducted within the Production run phase where the main focus will lie on
generating new knowledge and insights concerning the control of temperature induced friction variations
during the warm-up period of a two-step deep draw process.
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Warming-up effects have a considerable effect on the metal-forming process; especially friction is
identified as being the dominant effect that influences the output quality of the product. During the warm-
up period, variations in temperature are more frequent compared to the steady state period. In order to
accurately predict and minimize the effect of the warm-up period within a deep draw process, an accurate
model of the relation between the temperature and friction is required [1] [3].

To establish a basic framework of the temperature induces friction, a thorough understanding of the
material behavior and production techniques is required. Modelling and simulating the complex behavior
between tool and workpiece can help to contribute to a better understanding of the temperature-friction
impact in metal forming processes.

This research project will provide a comprehensive tribological overview that incorporates a multi-aspect
approach, translating frictional mechanisms on a micro scale into the tool-workpiece behavior on a macro
scale. A tribological system is introduced that illustrates the multi-aspect nature of the mechanisms that
underlie the tool-workpiece behavior on a micro-scale that influences friction. Resulting in a look-up table,
which couples friction coefficients to the parameters of nominal contact pressure, strain, temperature and
relative velocity. Enabling the coupling of microscopic based friction effects to macroscopic behavior,
resulting in geometrical changes of the processed workpiece.
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Problem Context

Metal forming is regarded as one of the most important manufacturing processes that is widely adopted
within production industries. The metal forming techniques are applied in mass manufacturing set-ups for
a large variety of products, however, tribological phenomena that occur during contact between the tool
and workpiece are still insufficiently considered.

In conventional sheet forming processes, normal loading and sliding motions occur which generate
frictional forces that can significantly affect the quality of the process and the product. The frictional
behavior during tool-workpiece contact, being prone to temperature variations during start-up, is
especially hard to predict and control [3].

Coulomb’s friction law [4], traditionally applied in companies for modeling frictional effects within a metal
forming process. The friction model assumes a constant friction coefficient, which is dependent on the
relation between the normal force and the contact forces between tool and workpiece. The simple nature
of the model makes it easy to use and enables fast calculations, however, it lacks the complexity to fully
encompass the frictional behavior found in the real case.

The ASPECT project aims to construct, implement and validate a simulation model that captures the impact
of a temperature dependent friction coefficient on the complete metal forming process. Accurately
forecasting the frictional behavior enables to compensate for the rising temperatures during start-up via
a control system [1] [3].

This research project is performed during the production run phase of the ASPECT project and will focus
on the tribological phenomena regarding the temperature dependent friction model in a two-step deep
drawing process. The main elements of importance that can be for this study are given in Figure 2.

Production run

PHILIPS|

=4

+ Consumer goods

i

1 + Automotive demo

Production Run Phase

Advanced Temperature
Friction Model Dependent FEM
(__-___-__\I Simulation
| Tribological |
 Ssem_ )
Demonstrator Adaptive Control
Line Process

Figure 2 - The main elements identified within the Production run phase of the Aspect Project [5]
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In order to study the impact of temperature variations on the advanced friction model, FEM simulations
are performed. The results of the FEM simulations can be validated by running a deep draw demonstrator
line. Any offset between the outcomes of the model and the demonstrator line can be adjusted
accordingly. Finally, the results of the advanced friction model, FEM simulations and production line result
in the building blocks for an adaptive control system. Counteracting the negative effects of temperature
variations during the warm-up period [1] [3].

The connecting element of the ASPECT project is the tribological system that is valid for a specific
combination of tooling, blank material, lubricant and type of metal forming process. Experimental and
theoretical studies are performed to identify the friction coefficients at the tool-workpiece contact that
vary during the metal forming process. In the ASPECT project, the advanced friction model of J. Hol [6] is
combined with the adapted Bergstrom von Liempt [7] [8] [9] model to translate the micro-mechanisms of
friction into a calibrated meta-model, in the form of a look-up table as a function of local pressure, strain,
sliding velocity and temperature. The determined frictional values in turn are either directly implemented
in FEM studies or indirectly as input for generating Stribeck [10] [11] curves, providing a soft coupling
between the frictional mechanisms on the micro scale and macro-mechanical behavior of friction in a two-
step deep draw process [6].

Translating the specific frictional results into a general context will decrease the veraciousness of the
simulation outcomes, only partly grasping the actual mechanisms that are present. FEM studies that focus
on determining the micro-mechanical aspects that influence the friction coefficient, are considered more
accurate. However, the increase in accuracy also drastically increase the computation time, which is
regarded as unwanted and too cumbersome in large-scale simulations. The model of J. Hol [6] provides a
middle way by approximating the real area of contact, using stochastic methods, to describe the surface
height distribution on a micro scale and assuming that the microscopic surface height distribution
represents the surface texture on a macro scale [12].

The tribological parameters within a tool-workpiece contact situation that influence the forming behavior
of the workpiece depend on a complex combination of tribological factors such as material properties,
surface parameters, lubricant properties and process conditions [3] [6]. In order to study the multi-
dimensional influence of the underlying mechanisms accordingly, a tribological system of friction is

introduced in Figure 3.
Tribological system

Material parameters Lubricant properties

Surface parameters Process conditions

Figure 3 - A tribological system for friction in sheet metal forming
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To establish a basic framework of substantiated knowledge, a thorough understanding of the work
hardening behavior in the workpiece material and the hardness of the tooling is required. Understanding
the complex behavior between tool-lubricant-workpiece contact points can help to contribute to better
controlling the temperature-friction impact in metal forming processes.

The type of lubricant, its viscosity and the layer thickness will all influence the friction at contact patches.
Different surface topologies will also show a different outcome regarding to friction and resistance to
deformation. Overall conditions also need to be distinguished in order to be able to compare the FEM
results with the demonstrator product.
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Stakeholder Analysis

The ASPECT project consisting of companies and research organizations in the North-West of Europe,
focusses collectively on the innovation and development of accurate and computationally efficient
simulation models in metal forming processes. Within the project, direct and indirect partnerships
between the collaborating entities are established for each of the three phases [1] [3] [5].

The direct stakeholders are identified from the direct collaborations within the production run phase, and
can be coupled to the element overview, which is illustrated in Figure 4. The main stakeholders that are
connected to this research project can be identified as [3] [5]

- The University of Groningen,
- Philips

- TriboForm Engineering

- M2i

- Inspire AG
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Figure 4 - Stakeholders coupled to the research context in the production run phase
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University of Groningen

The Advanced Production Engineering group under supervision of Prof Dr. Antonis Vakis mainly focusses
on generating new knowledge and improving the current state of the Tribological field. Different
approaches are undertaken to couple the micro-mechanical mechanisms of friction into macro-mechanical
behavior, with this research project being part of it [2].

Triboform

Within the ASPECT project, the main task of Triboform is to provide the advanced friction meta-model
which is mainly based on the work of Johan Hol [6]. The advanced friction model has been created with
the help of the University of Twente, Falex and M2i and it provides a finite element method tool that can
implement, combine and simulate a large number relevant tribological parameters. The simulation
software reduces the time and costs that ‘normally’ would be needed to provide friction coefficients with
a similar level of accuracy in industrial simulations. Therefore, Triboform is interested with the outcome
of the ASPECT project, concerning the data fit between the theoretical model and the real-life
demonstrator results [5].

M2i

The physics-based friction model of Triboform is further developed by M2i which incorporates the
temperature dependency within the advanced friction meta-model by incorporating the Bergstrém van
Liempt model. The coupling software act as a tool which provides a four dimensional frictional look-up
table for a specified tribology system that consists of the parameters:

1. Nominal pressure, 2. Strain,

3. Velocity, 4. Temperature

M2iis also responsible for further developing the accuracy of the temperature dependent model to enable
that the model can be implemented into metal forming lines at Philips in Drachten [5].

Philips

The study will be performed at the Philips Shaver department in Drachten under supervision of Mark
Veldhuis MSc where the knowledge of manufacturing processes, material behavior and friction is
combined with the processing and application of simulation data and a demonstrator line. The main
contribution within the ASPECT project will be the generation of new insights concerning the metal
forming process, data processing and implementation of control parameters in the demonstration line [5].

Inspire AG

Within ASPECT, inspire will use the outcomes of the production run phase to develop an adaptive process
control that is widely applicable in metal forming lines. The temperature dependent behavior that was
studied through numerical simulations will be made controllable by integrating the FEM predictions into
the control system. Inspire AG is concerned with the quality of the simulation outcomes compared to the
real-life out comes of the demonstrator line because this will determine their ability to predict and control
the temperature dependent behavior during start-up. Inspire is invested within the production run phase
of the ASPECT project. The quality of the control parameters will primarily be defined by the differences
between the FEM simulations and the demonstrator line [5].

11|Page



Resources and Data Acquisition

At the start of this Research project, a large amount of data has been made available that was developed
in the previous phases of the Aspect project. The following data sources can be used for reaching the main
research goals:

= Research papers from previous phases of the Aspect project concerning numerical and
mathematical models that can be used as foundation for this Research project.

= A list of several literature articles concerning a variety of frictional models and Finite element
method routines.

= Tutorial slides provided by MSC Marc that offers insight in the FEM solver models that are used.

The data acquisition for the rest of the integration project is expected as followed:

Theoretical framework

* Aspect articles
e Literature

FEM Simulation

* MSC Marc files given

e Friction lookup table

e MSC Marc tutorial

¢ Own findings during simulations

Demonstrator line

* Parameters from measurements previous phases
¢ Paper of Mark Veldhuis
¢ Own findings during production runs
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Research Goals

The research project is performed during the Production run phase and is performed at the Research and
Development department within the Philips Shaver branch. The research project will be performed
considering the control of the temperature induced friction variation in a two-step deep draw process. In
this project, the main focus will be:

<+ Toacquire a validated finite element model that accurately predicts the effect of the temperature
induced friction on the workpiece during the warm-up period of a deep draw process.

From this main focus the following goals can be formulated:

«»+ Verification of the process’ sensitivity for temperature induced friction within the MSC Marc solver
by application of the temperature extension on the tribological model of J. Hol [6].

++ Validation of the temperature induced friction simulation by comparing the simulation results of
the MSC Marc solver with empirically obtained parameters from a two-step deep draw
demonstrator process.

% Further refinement or expansion of the friction subroutine within the MSC Marc solver by
explaining the results of the validation step based on theoretical tribological knowledge.

Scope

The general scope of this research is considered as very broad, since the total system of the metal forming
process during the demonstrator run incorporates various aspects of different fields of study. Each of the
individual aspects need to be understood and investigated individually as well in order to be able to explain
for possible deviations between the FEM simulations and the product run outcomes. An overview of the
scope in this study is given in Figure 5 below.

Modeling and Validation of Demonstrator Product

Fluid Dynamics
Tribology (lubricant flow on
micro scale)

Metal Forming
Process

Finite Element

Material Behaviour .
Analysis

Figure 5 - An overview of the main elements included within the scope of the demonstration product in this research project [3]
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Methodology

Design science research iterates between design problems and knowledge questions where novel
solutions are generated through fundamental research. The focus of this research project will be
knowledge based in order to provide a generalized framework of knowledge that can be implemented in
metal forming processes and enhances innovative development on a transnational level. Wieringa [15]
states that:

“Design and empirical research both require theoretical knowledge in the form of conceptual frameworks
and theoretical generalizations, which enhance our capability to describe, explain, and predict phenomena
and to design artifacts that produce these phenomena.”

From this is it can be noted that in order to be able to design artifacts in relation to specific phenomena,
which in this research can be identified as the temperature-friction relation within the warm-up period, a
specific theoretical framework needs to be constructed and validated. The specific theoretical framework
can be linked to the tribological system provided for friction in a two-step deep draw process, which is
given in section - Tribological Framework.

The innovative goal of the ASPECT project can be seen as a holistic goal of the higher system that is met
by the results of each of the three phases of the project, the holistic goal is stated as [1]:

“Improving the innovation capacity and competitiveness of SMEs or other enterprises from North-West
Europe. This priority also involves social innovation, which includes innovative solutions for social needs
and problems.”

In order to keep in touch with the top-level goal of the research, the suiting validation method that is
implemented within the research can be determined by identifying which phenomena is studied and how
it is studied. Based on Figure 6 below, it can be seen that single-case mechanism experiments are best
suited to investigate the temperature-friction relation (mechanism) within a two-step deep draw process
(single case).

What is studied

Samples < Statistical difference-making experiments ,,
I,,----""C')I':fsérvation al case —.
S~ studies

: ~ Technical action
Single cases C )’
g ~~___ research -~
@ Single-case mechanism experiments =)

T ——— Where is it
i > studied
Lab Field

Figure 6 - Two dimensions along which to classify research methods [15]
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In single-case mechanism experiments, individual parameters are studied which focus on the investigation
of how a phenomena or mechanism relates to this specific case and how its behavior is related to the
system architecture of the system. An important characteristic of single-case mechanism experiments is
that during the conduction of research, the system architecture around the mechanism is varied.

In this study, the single-case mechanism validation process can be seen as an iterative method which
encompasses the empirical cycle. Temperature variations within the tribological architecture of friction
are performed in FEM simulations and validated with the demonstrator line. The methodological cycle is
given in Figure 7 below, where the focus of this research project will lie on the empirical cycle which
provides the validated knowledge [15] [16] [17] [18].

Innovation ASPECT Project

Single Case Mechanism Validation

M2i

Controller Warm-Up Mechanism of Friction-Temperature
Period ST T ~ Relation
/ N
_ Generates New Tan}Form '
Inspire Knowledge Engineering
AG ' —
Theoretical
Design Cycle Framework
— I Philips
Input for '
Parameter Validated -~ FEM Simulations
Behaviour to Control Knowledge e Demonstrator Product

Figure 7 - The methodological cycle applied to provide validated knowledge
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Research Questions

Defining a proper research question will consequently attribute to the achievement of the determined
research goals [2]. Based on the tribological system and the goals formulated, the main question is

formulated as:

+* What is the impact of the temperature-induced friction on the output parameters of the two-
step deep drawn cup?

To be able to answer the main research question, the following sub-questions can be defined:

I.  What are the dominant parameters that influence the tribological system of friction in a deep

draw process?

1. What is the sensitivity of friction to temperature changes for a specific two-step deep draw

process?

1. What is the fit between the results of the FEM simulations and the real case validation within the
demonstrator line?
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Theoretical Framework

This theoretical framework provides an overview of the most important mechanisms that are related to
the temperature induced frictional behavior in a deep draw process. One of the main issues in the
simulation and validation of frictional behavior is the disconnection between mechanisms on the macro
and microscale [19]. Consequently, this theoretical framework will attempt to provide an advanced friction
model that translates microscopic effects within a deep draw process into accurate macroscopic frictional
behavior.

The quality of the simulation results and the translation between the micro and macroscale depends on
the tradeoff between computation time and accuracy of the model that is used. In the theoretical
framework chapter, a computational efficient translation of micro-scale parameters into macroscopic
frictional behavior is studied.

Macroscopic

Initially, the theoretical framework will start from a macroscopic perspective, introducing the general
process of deep drawing. The parameters influencing the product quality within the metal forming process
will be outlined, as well as, common failures that need to be avoided. The succeeding section will provide
a more in depth overview of the macroscopic frictional models that determine the coefficient of friction
within the deep draw process. The focus on friction continues for the specific two-step deep draw process
that is performed during the FEM simulations and the demonstrator line. The macroscopic section builds
towards a tribological framework for friction within the two-step deep draw process, introducing
microscopic parameters that give rise to the macroscopic frictional behavior.

Microscopic

A tribological framework is provided that introduces the micro-scale mechanisms that affect the frictional
behavior in the two-step deep draw process. The identified micro-scale mechanisms are further elucidated
in the subsequent sections and will form the foundation of the frictional look-up table that is used in the
FEM simulations.

FEM Solver

In this section, the finite element model is explained, which is used to perform the two-step deep draw
simulations. An overview of the tooling is given and the role of the look-up table within the subroutine
Crystal is discussed.

In conclusion, the theoretical framework will aim to provide a holistic overview of the relation between
the microscopic and macroscopic mechanisms within a two-step deep draw process. The constructed
framework of knowledge will act as a foundation based on which the results of the simulations and the
demonstrator test run can be validated within the subsequent chapters.
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Metal Forming Processes

Metal forming processes can be distinguished in sheet and bulk forming methods. Sheet metal forming is
one of the most important techniques that is applied in almost every large-scale manufacturing industry
with examples being the automotive, aircraft, home appliance and food industry. The manufacturing
method of sheet metal forming draws sheet metal plates into a desired geometrical shape without losing
any material during the process. Examples of different metal forming processes are bending, stretching
and deep drawing, which are illustrated in Figure 8 [6] [20].

punch

blankholder|

Bending Stretching Deep Drawing

Figure 8 - Representation of different metal forming processes [21]

Stretching together with deep drawing and bending are the most common metal forming processes with
their difference being the movement allowance of the blank. During bending, the blank is bend by the
punch into a geometrical shape without any fixation being present at the sides of the workpiece. During
stretching, the blank is clamped by the blank holder, preventing movement and promotes bulk stretching.
Whereas during deep drawing, the blank will be held lightly under the blank holder, allowing for gradual
movement of the blank during the process and a attaining a relatively similar thickness before and after.
In this research project, the main focus will be the deep drawing process where the deformation of a
cylindrical shaped cup is further considered [6] [21].

18| Page



Deep Drawing Process

In deep drawing, the metal sheet is drawn by the punch into the cavity of the die mold. During this process,
bending and sliding mechanics occur which affect the geometry of the workpiece. The applied force of the
punch stresses the blank material beyond its yield strength, causing the material to deform plastically, but
not to fail. Plastic deformation dominates throughout the deep draw process by applying an external load
onto the metal sheet. Sufficiently high loading forces are necessary in order to reduce the spring back and
to ensure that the desired geometrical shape is retained after unloading. A general overview of the steps
in a deep draw process are illustrated in Figure 9 below [22] [23].

blankholder Fy punch

sheet _
blank lubricant

/

!
die step 1 step 2 step 3

Figure 9 - Representation of different metal forming processes [21]

The main components that interact with each other during the deep drawing process can be identified
as:
- Sheet Blank - Forming Die

- Punch - Blankholder

The quality of the deep draw product is affected by different mechanisms that occur during the interaction
between each of the main components. Influencing the material behavior of the blank during the deep
draw process. The different mechanisms can be divided into five different regions of interaction that are
illustrated in Figure 10 below [24] [25] [26].

! 502 S

1 iIVE  V
Figure 10 - Schematic illustration of the different interaction regions in the deep drawing process [26]

According to Adnan I. O. Zai [25] the different regions of interaction can be described as:

l. Pure radial drawing between the die and the blank holder.

. Bending and sliding over the die profile.

Il Stretching between the die and the punch in the clearance zone.
V. Bending and sliding over the punch profile radius.

V. Stretching and sliding over the punch head.
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Within each of the distinguished areas, different material behavior of the blank is expected during the
deep draw process. It should be stressed that these regions require adequate control throughout the
process in order to reduce any possible failures in the end product. Within this study, the main focus is to
be able to control the deep draw process in order to attain a minimum amount of rejected parts during
the warm-up process.

Possible Failures

Insufficient prediction and control of the mechanisms in the deep draw process can result in unwanted
macroscopic effects such as necking, earing, tearing and wrinkling of material. Especially in the warm-up
process, the quality of the cup varies over time, which can lead to an even increased amount of product
being rejected. In order to prevent possible failures to occur, an understanding of the underlying
mechanisms is required. This section will provide a broad overview of the failures which can occur during
the deep draw process. An illustration of the possible failures is given in Figure 11.

(b) (e)

Figure 11 - Possible deep draw failures in drawn parts: (a) Wrinkling in the flange, (b) Wrinkling in the wall, (c) Tearing, (d)
Earing, and (e) Surface scratches [27]

Tearing

Excessive thinning and ultimately tearing of the workpiece is caused by high tensile stresses, which develop
in the bulk material can be located at different regions as identified in Figure 10. The excessive forces can
arise due to high blankholder pressure on the blank, preventing the flow of material between region | and
II. Drawing the blank too deep in one step or applying a punch force that is too high, can also result in
excessive thinning in the clearance gap of region Ill between the die and the punch. Frictional forces
enhance the effect of the blankholder and punch on the material behavior, making the use of a lubricant
important. Tearing usually occurs at the weakest spot of the blank, located at the cup wall near the base
[28] [25] [29] [30].

Wrinkling

Wrinkling is another common defect of compressive buckling that causes flange instability of the blank, in
region |, and will continue to grow towards the middle at region Ill. The wrinkle formation at the blank
largely depends on the geometrical properties of the die and the punch, together with the exerted
pressure of the blank holder and the thickness ratio of the blank itself. If the applied blank holder pressure
is too low, disorderly material flow can occur during the deep draw process. Another element is the corner
radius of both the die and the punch, if the radius is too large, excessive space enables for wrinkling of the
blank material. The increasing of the coefficient of friction between the blank piece and the tool during
the deep draw process can help to reduce the wrinkling phenomena [28] [25] [20] [29] [31] [30].
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Earing

The formation of earing is another one of the major defects during deep drawing. This effect of wavy
unevenness formed along the edges of the flange or end of the cup wall is caused by the planar anisotropic
properties of the blank material. The sheet shows stronger material behavior in one direction compared
to other directions in the plane sheet. The uneven material behavior in different directions can be affected
by drawing the blank too deep or by the material properties of the blank itself. The formation of earing is
not desirable since additional processing steps are required to trim the excess material [28] [20] [29] [25]
[30].

Surface Scratches

Scratches occur on the surface of the blank material during deep drawing if the surface quality of the punch
and die are not high enough or if insufficient lubrication is applied. A large roughness on the punch and
die result in particles getting into contact between the tooling and the blank. During the deep draw
process, contact with the particles lead to abrasion of the softer material, causing damage to the die
surface. Surface scratches can be avoided by keeping the die surface in very good surface quality and
reducing the friction between the tooling by applying a sufficient amount of lubricant material [28] [20]
[29] [30] [32].
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Control Parameters

The deep drawing process manufactures the blank material into a desired shape within strict
specifications. Deep drawing, even in its basic form, involves very complicated mechanics influencing the
material behavior of the product. Failures occurring within the production process can lead to large
rejection rates and a lower yield. This is deemed highly undesirable since it leads to unnecessary amounts
of wasted materials, energy and costs. To be able to predict and control possible manufacturing variations
more accurately, the possible parameters responsible for possible failures in the deep draw process need
to be identified. The parameters that affect the deep drawing process can be categorized into three
general categories [33]:

I Geometrical parameters
Il Material Parameters
1. Process parameters

The geometrical parameters of the tooling, blank and the process parameters define the final shape of the
product and the material flow behavior is largely dependent of the material choices in the deep draw
process. Both the geometrical and material choices are predefined within this study, an overview of the
chosen parameters used in the simulations and experimental setup are provided in section - Dimensions.
The process parameters are the focus of this study since these factors are generally used to control the
deep drawing process within the metal forming industry.

An overview of the identified macroscopic parameters in the deep draw process is given in Table 1 below
[34] [25] [30] [3]. The most important parameters that control the forming process are further discussed
in this section.

Table 1 - Overview of the identified macroscopic parameters in the deep draw process [25]

Geometrical Parameters Material Parameters Process Parameters
Punch Diameter Blank Material Type Blankholder Force

Punch Corner Radius Blank Material Geometry Punch force and Drawing speed
Punch-die Clearance Young’s Modulus Lubrication Thickness

Die Opening Diameter Material Flow Stress Coefficient of Friction

Die Corner Radius Anisotropy

Initial Blank Thickness Hardness Tooling

Initial Blank Diameter Drawing Ratio

Blank Holder Force
The blank holder applies pressure onto the blank material and determines the amount of flow resistance
to the blank material along the punch movement. If the blank holder force is too high, tearing behavior
can occur in the cup wall and if the force is too low, wrinkling behavior in the flange region may occur.
Singh and Agnihotri [33] and Jaisingh et al. [35] concluded that the amount of blank holder force influences
the plastic strain ratio, which determines the thinning and thickening properties of the blank material, and
the fictional behavior during the deep draw process. The applied blank holder force resides in the range
of 0.5% to 1% of the ultimate tensile strength of the sheet material. The controlling properties of the blank
holder force within the deep draw process will be further examined in this research project [36] [37] [38]
[39] [30].
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Punch Force and Drawing Speed

The punch force required for deforming the blank plastically, will increase linearly with the press speed
due to increased straining forces that triggers strain hardening behavior. The required drawing pressure
necessary to avoid wrinkling of the blank depends on the type of blank material used, the thickness of the
blank and the limited drawing ratio. The drawing speed is of greater significance for drawing harder
materials than for drawing softer, more ductile materials. Excessive drawing speeds can induce crack
formation and excessive wall thinning since material has less time to react and flow into the cavity.
Reducing the drawing speed also reduces the thinning effects on the blank material. The total force
required in the deep draw process can be divided into 15% on bending and unbending of the blank
material, 70% for the actual radial drawing of the blank material and 10% of the energy for overcoming
the frictional forces. The controlling properties of the punch force and drawing speed force within the
deep draw process will be further examined in this research project [40] [41] [42] [30].

Lubricant Properties

In metal forming processes, it is common practice to apply a lubrication layer between the blank-tooling
material interface to reduce the friction coefficient. Lubrication is one of the process parameters, which
affect the material flow during forming and the quality of deep draw product. The distribution of
lubrication is dependent on the particular region of contact in the deep draw setup, influenced by surface
conditions, pressure differences and sliding speeds. Therefore, different contact regions may exhibit
different lubrication regimes [21] [43] [44].

Richard Stribeck introduced the Stribeck curve theory in 1901 in [11] [10] which showed the relationship
between the film-forming properties of the lubrication between two surfaces. The Stribeck curve
represents the contact between two fluid-lubricated surfaces with on the X-axis the Hersey number and
on the Y-axis the friction coefficient, as shown in Figure 12 and Figure 13 [45] [46] [11] [10].
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Figure 12 - Stribeck curve representing the different  Figure 13 - Depiction of the film thickness parameter and the Hersey
possible lubrication regimes [46] number linked to the possible lubrication regimes [10]

Hersey number

The Hersey number is identified as a dimensionless lubrication parameter, which is defined as [47]:

Hersey number = nT (1)

Where n represents dynamic viscosity of the particular lubricant type, N is the relative velocity of the
contacting surfaces, and P the normal load. A high Hersey number equals a relatively large lubricant
thickness, whereas a small Hersey number represents a thin film lubricant.
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Thus the Stribeck curve [11] [10] represents, for a given viscosity and load, how the friction coefficient
develops for a deviating relative velocity. Along the curve in Figure 12, starting from the friction coefficient
in a dry contact situation, four distinctive lubrication regimes or lubrication regions can be identified:

l. Boundary Lubrication

Il. Mixed-film Lubrication
Il Elasto-Hydrodynamic Lubrication
V. Hydrodynamic Lubrication

Most of the deep drawing processes are performed between the boundary and the mixed lubrication
regimes where the lower frictional values are present. Each of the distinctive lubrication regimes will be
briefly discussed below where the dry contact situation will be discussed within the friction parameter.

Boundary Lubrication

Within the Boundary Lubrication (BL) regime, the normal load is carried by contacting asperities of the
surface-lubrication-surface interface. Within this interface, a thin boundary layer is sheared, preventing
dry contact between the surfaces. The boundary lubricant layer is often exhibited during start-up and
shutdown of metal forming processes. Low production speeds and high load conditions result in the
highest friction values of the lubricated regimes identified along the Stribeck curve. Boundary Lubrication
and Mixed Lubrication are the most widely adapted lubrication regimes within metal forming processes
[11][10] [21] [48] [45].

Mixed Lubrication

The transition between the Boundary Lubrication regime and the Elasto-Hydrodynamic Lubrication is
identified as the Mixed Lubrication (ML). This mixed regime dominates when the friction coefficient further
decreases for an increased shearing velocity, film thickness and viscosity. Also a decrease in the load results
in lower frictional values between the contacting surfaces. Within the Mixed Lubrication regime, the
distance between the surfaces increases and less solid contact exists. Due to the increasing lubricant
thickness, existing pockets within the surface become filled with the lubricant [11] [10] [21] [48] [43].

Elasto-Hydrodynamic Lubrication

Increasing the lubricant layer thickness further results in a transition into the Elasto-Hydrodynamic
Lubrication regime where the surface-lubrication-surface interface is completely separated by a thin fluid
film. The Elasto-Hydrodynamic Lubrication exhibits the shearing of the lubricant layers, in the form of
elastic deformation, over each other lowering the friction coefficient significantly, this is generally
occurring for high velocity processes. The amount of lubrication is further increased and the friction
coefficient is further reduced up to a minimum value. Beyond the minimum value, internal friction within
the lubricant itself becomes dominant, which in turn results in the friction coefficient increasing instead of
decreasing [11] [10] [21] [48] [49].

Hydrodynamic Lubrication

Beyond the minimum value, the friction coefficient increases and the Stribeck curve further develops into
the Hydrodynamic Lubrication regime. This regime is categorized by a full film lubrication layer which
induces a lower normal pressure, reducing the viscosity. The internal hydrodynamic friction of the
lubricant becomes more dominant, increasing the overall friction forces. Consequently, the friction
coefficient develops itself beyond the optimal processing situation and increases [11] [10] [21] [48] [50].
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Friction

The complex physical phenomenon of friction is generally described as a non-conservative force of
resistance to the relative motion between two bodies that are contact with one another. The friction force
distribution is tangent to the true contact surface area of the apparent body under consideration with a
direction that is opposite to the direction of motion. Friction can also occur within the body itself, this
occurs within the air and in hydrodynamic friction. There are many, situation based sources of friction that
can be identified ranging from the deformation of asperities, adhesion between surfaces to capillary and
van der Waals forces [51]. Due to its complex nature and the absence of a universal theorem that is
applicable at different levels of scale, the actual physics of friction and its numerical representation
continue to be topics of research at this day [21].

Within the deep draw process, friction predominantly arises due to a relative motion between the blank
and the tooling that are in contact. Schey [52] [53] determined six different contact regions, which exhibit
different frictional behavior during the deep draw process. A brief overview of the most important regions
of interest is provided below in Figure 14.

Region 1-2 depict the flange region which is

identified by the blank being held between

the blank holder and die. The blank holder

- lightly clamps the blank during the deep
1' draw process. However, there is allowance
for gradual movement of the blank, which

results in relatively low amounts of strain
and nominal pressure around region 1 and 2.

bhnﬂ\o'dér Region 3-4 depict the bending point of the
blank over the die rounding. Due to the
forces of the punch that deform the blank,
| relatively high pressure and tension forces
\ / occur, which result in material flow in the

N ©®) form and stretching of the blank sheet.

Sh=)

die

Figure 14 - Contact regions in deep drawing [53] Region 5-6 depict the contact between the

face of the punch and the blank sheet. Here
the depth of the drawing influences the
extent to which the blank is subjected to
stretching. In general, high amounts of strain
are present at region 5-6.

Friction, together with plastic deformation, is considered the dominant mechanism that impacts the
forming behavior of the blank material during the deep draw process. The generated friction influences
the amount of work needed to deform the sheet material, however, the impact of friction is not considered
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to be uniform throughout the total process. Different contact regions exist between the punch, workpiece,
blank holder and die during the deep draw process for which different frictional behavior is desired.

As seen in Figure 14 and Figure 15, in region 5 at the punch-blank contact, the amount of friction must be
sufficiently high to induce material flow that follows the punch movement. In the regions 1, 2 and 3
however, a minimum amount of friction is required in order to reduce the resistance to the drawing
direction.

Based on the control parameters, friction is considered a dominant mechanism influencing the final quality
of the product and giving rise to the need of controlling its development throughout the deep draw
process. However, there are multiple approaches to derive the coefficient of friction within a metal
forming process. Therefore, the basic macroscopic frictional models will be introduced in the following
chapter before continuing to the two-step deep draw process for the Philips demonstrator line [3].
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Macroscopic Models of Friction

In this paragraph, an overview is given of the classical models of friction that are used and further
developed for the specific two-step deep draw process of the Philips cup. Before the impact of different
lubrication regimes will be discussed, first the classic or dry friction will be treated.

In general, for two solid surfaces in contact, a distinction between two different regimes of friction can be
made, which are dependent on the relative lateral motion of both surfaces. The two regimes of friction
that can be identified are static friction (or "stiction") and kinetic friction (or dynamic friction). Static
friction holds for the situation of two contacting surfaces that are not in relative motion, the static friction
force can be identified as the minimum force required in order to initiate motion. The static friction
coefficient represents the force needed to sustain the previously initiated motion and occurs in a state
where there is relative motion between contacting surfaces [54].

First the static friction models will be introduced, starting with Amontons laws of friction [55], the Coulomb
friction model [4] and the Stribeck curve [11] [10] which are often referred to as the classical models of
friction. Also deviations on the Coulomb model, including the effect of viscous and static friction (stiction),
will be discussed. An overview of the general static friction models is shown in Figure 15 below [11] [56]
[57].
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Figure 15 - Examples of static friction models a) shows Coulomb friction b) Coulomb combined with Viscous friction c) Coulomb
combined with Stiction and Viscous friction d) Coulomb combined with the Stribeck effect [57]

Amontons’ Laws of Friction

The foundation of friction can be traced back to the 15th century where Leonardo da Vinci discovered that
the friction force is proportional to the applied loading force and is independent of the apparent contact
area between two solid surfaces. These fundamental laws of friction were ultimately expanded upon and
published by Amontons in the 17th century [55]. The published paper of Amontons offered a first
simplified understanding of the complex phenomena of dry friction.

Amontons’ Laws of Friction are stated as follows [55]:
I.  The friction force is directly proportional to the applied normal load.
II.  The friction is independent of the apparent (nominal) area of contact.
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Coulomb Friction Model

The two main laws of Amontons were complemented with a third law of friction that was added by
Coulomb in the 18™ century. A more comprehensive understanding of the friction phenomena was
developed which resulted into the third main friction law, Coulombs law [55] [58]:

lll.  The kinetic friction is independent of the sliding velocity.

Coulomb based his finding on a series of experiments between different sliding materials where the
schematic representation is show in Figure 16 below. The observed variations of friction over time are
explained as a contribution of interlocking of asperities which, after a definite period of time, reach a limit
value that indicated the occurrence of full deformation [58] [59].

Figure 16 - Coulomb's schematics of surface interactions [58]

According to Coulomb, different behavior for the dynamic friction case was theorized due to the surface
asperities of the two sliding surfaces that did not have enough time to become interlocked.

The observational results of these experiments are shown in the memoires “The theory of simple
machines” and formed the foundation of the Coulomb friction model which is presented in following
equation [55] [58]:

Ff = Fy - sgn(x) (2)
Where F}, is the friction force that is specified for the kinetic friction case:
Fie = e - |Fl (3)

Since the Coulomb friction model is an approximation of the dynamic friction regime, it only specifies for
a non-zero velocity situation where it can take a value in the interval between —Fj, and +Fj.. The Coulomb
friction model cannot take into account the properties of (increasing) static friction motion which results,
for the zero or starting velocity situation, in a friction force that becomes zero [60] [59].
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Describing an undefined friction force at zero velocity is also the main reason that the Coulomb friction
model can only be used to describe the behavior of friction in macro-scale situations. A schematic
representation of the friction force is shown in Figure 17 and Figure 18 below [61] [59].

-

F
T : Coulomb

— M

Figure 17 - Schematic representation of the friction force Fr on  Figure 18 - The Coulomb friction model as a function of
an object M moving relative to a flat surface [62] velocity [56]

After the establishment of the Coulomb model, two other facets are added that expand upon this classical
friction model. Progression was made by Morin who introduced the concept of static friction in 1833 [63]
and Reynolds further expanded the friction model by proposing the concept of viscous friction in 1886
[64]. Stribeck introduced the Stribeck curve in 1902 [11] [10] which provides a relation between the
coefficient of friction and the contact load, lubricant viscosity and relative velocity. Consecutively, the
additions of static friction, viscous friction and the Stribeck curve are now briefly discussed.
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Static Friction Model

Arthur Jules Morin observed that the friction force at rest is higher compared to the kinetic friction of the
Coulomb friction model. The static coefficient of can be described as a function that is equal and opposite
to the applied external force on the body up to a threshold value [63]. The break-away force is required to
overcome the static friction coefficient threshold in a stick situation in order to initiate motion of the body.
An illustration of the difference between static and dynamic friction is shown in Figure 19 and Figure 20
below [4] [56] [57] [63] [66].
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Figure 19 - The relation between friction and displacement Figure 20 - The combination of static friction and the
according to Morin [65] Coulomb friction model [56]

In result, the addition of Morin’s static friction to the Coulomb friction model is presented in following
equation [4] [56]:

:{ Fs if V(t) =0 and |Fe| < Fs (4)
F= U Fer sgn(®) ifv(t) =0 and |F| > F

Where F; is the friction force that is specified for the static friction case [4] [56]:
Fs = ps - Ifnl (5)

From the equation, it becomes clear that the friction force, Fr becomes equal to F,, the external applied
force, for a zero-velocity case up to the static friction threshold. When the external force exceeds the static
friction threshold value, the friction force becomes dependent again on the Coulomb friction model [56].
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Viscous Friction Model

After further advancements in the field of hydrodynamics, the viscous friction model was developed by
Reynolds in 1866 [64]. The viscous friction can be described as the friction force caused by a combination
of the internal viscous behavior of shearing fluid lubricant layers and the external viscous behavior of fluid-
surface in contact. The viscous friction is proportional to the relative velocity of the surfaces and is
represented in the following equation [67] [56]:

Fr= o0, % (6)
Where the behavior of the lubricant is captured within a viscous coefficient, g,,, that can be defined as the
measure of a fluids resistance to flow because of its internal friction. The viscous friction model is
illustrated in Figure 21 below.
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Figure 21 - The Viscous friction force as a function of the relative velocity [68]

It can be noted from the figure that the viscous friction model has a linear dependency of the relative
sliding speed within a contacting fluid layer interface. Since only viscous forces of the lubricant are taken
into account, application of this model for surfaces into contact is limited due to the lacking of a description
of dry friction. A more encompassing frictional model, which attempts to include the frictional effects of a
surface-fluid-surface interface is provided by the Stribeck friction model in the theory section below [57]
[60] [69].
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Stribeck Friction Model

Richard Stribeck proposed the concept of Stribeck friction which shows a decrease in the frictional
coefficient for an increasing relative velocity [11] [10]. This effect occurs during the transition from static
friction to kinetic friction. The addition of the velocity dependent Stribeck effect results in a more advanced
friction model, including the coulomb friction and the viscous behavior. The advanced model is described
as the Stribeck friction model [70] or General Kinetic Friction (GKF) [71] and is described by [72] [73]:

ge if vW)=0 qand |F| < F, (7)
s v(t)=0 >
FrFeav) =Y F 4 (R-F)-e % v +F,-v v8>0 md IRl = &
—Fe+ (Fy—F)-e®r'V —F, v v(t) <0
Where [74]:
F..t - Theexternal applied force
F; - The static frictional force
Fy - The kinetic or Coulomb frictional force
E, - The viscous frictional force
v - The relative velocity
aser - The Stribeck curve coefficient

The relation between the Stribeck curve regimes and the Stribeck friction model, showing the individual
influences of the different frictional forces, is depicted below [59] [75] [70].
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Figure 23 - Friction force simulated as a speed dependent function
shown as the sum of Stribeck, Coulomb, and viscous force
components [67]

Figure 22 - Four regimes of the Stribeck curve [73]

The figure clearly shows the negatively sloped behavior of the Stribeck component, which occurs at low
velocities. The combination of the Coulomb and Stribeck frictional forces at the zero velocity region is
identified as the breakaway friction [67] [62] [59].
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Demonstrator Line

Within the ASPECT project, the impact of temperature-induced friction on the quality of the end product
is studied for a two-step deep draw process. This study will demonstrate the impact of the start-up effects
on the end product during the specific two-step deep draw process by validating the outcomes of the FEM
simulations with the results of the demonstrator line. In order to be able to compare the results of both
experiments, the product geometry that is formed is relatively simple of shape and it approximates the
complexity of a regular metal formed part currently produced by Philips [1] [2].

In order to be able to provide substantiated results during the experiments of this study, the demonstrator
product is chosen to be highly susceptible to transient temperature and friction. Furthermore, the product
should be generating a lot of heat during the deep draw process. Also, any forming behavior of the
demonstrator due to other spread factors such as the flow stress, material thickness or normal anisotropy
should be avoided at all costs.

As aresult, it is chosen for the demonstrator product to be drawn into a cylindrical cup shape with a hole
inits center, as given in Figure 24. The cup approximates the geometrical properties of a Philips shaver cap
that is processed within the facility in Drachten. Both the geometry of the cup as the deep draw process
are highly susceptible to temperature variations during the warm-up period, making it a valid combination
for the demonstrator line to be studied [3].

Figure 24 - Geometrical representation of the cup shaped demonstrator product [3]

Two-Step Deep Draw Process

The two-step deep draw process within this study consists of an initial preprocessing step and two
different deep draw steps that are executed consecutively in a demonstrator line. The second deep draw
step is performed in order to provide optimal sensitivity to the start-up effects. An overview of the
demonstrator process is illustrated in Figure 25 below.

The set-up and the geometry of the tooling within the developed two-step deep draw process is designed
in Aspect Deliverable T3.1.3 [3] in order to be insusceptible to any other spread sources that may influence
the material flow behavior of the cylindrical cup. Within this piloting work package, the impact of the tool
fillet radii, drawing depths, ejector and blank holder forces on the cylindrical cup were studied to provide
the optimal deep drawing setup that is both temperature and friction dependent. A detailed overview of
the tooling used within the demonstrator line is provided in Appendix 1 — Tooling Two-Step Deep Draw
Process.
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Figure 25 - Overview of the Demonstrator process [3]

Beforehand, the strip is preprocessed where a hole is punched in the middle of the blank and the blank is
detached from the transportation strip with the exception of the small connectors. The first step of the
deep draw process acts as a standard axisymmetric drawing step where the initial flange curve is drawn in
a bottom-up movement. Deforming the blank into a cup shaped geometry [3].

The second step in the deep draw process is identified as a redrawing step that is performed in the
opposite direction of the workpiece in a top-down movement. The die-punch setup is reversed, which
performs a smaller indentation on the upper side of the cup [3].

The two-step deep draw process is performed sequentially within the demonstrator line within two
different die sets. Consequently, a small amount of idle time between is present the two forming steps,
which can affect the temperature of the blank material. This effect is approximated in the simulations by
accounting for an idle time of 5 seconds between each processing step. The complete evolution of the
blank during the deep draw process is illustrated in Figure 26 below.

Figure 26 - Connector strip evolution for throughout process steps [3]

As can be seen in the setup of the demonstrator line in Figure 25 different tooling will interact with the
blank piece in a cross-interactive fashion, resulting in a complex system to predict and simulate. The
control parameters influencing the frictional behavior during the two-step deep draw process are given in
Figure 27. It is determined in the Aspect Deliverable T3.1.3 that the temperature induced friction being
determined to be the most dominant mechanism influencing the geometrical properties of the cup [3].
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Figure 27 - Schematic overview of varied control parameters in the DACE studies [3]

In order to be able to validate the outcomes of the FEM simulations with the results of the demonstrator
line, output parameters need to be defined which are reliable and fit for validation. The output parameters
are required to be measurable in both the FEM simulations and the demonstrator runs for each of the two
drawing steps. Also the output parameters should be sensitive to the control parameters that are
identified to enable the development of controllers at Inspire AG in the last phase of the ASPECT project

(1] [3].

In order to account for the temperature-induced frictional behavior during the warm-up period, first a
general system overview of the most important deep draw parameters needs to be established. Each of
these frictional elements contributing to the quality of the product will be further outlined in a tribological
system in the next paragraph.
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Tribological Framework

Being able to correctly predict and control the mechanisms that give rise to negative behavioral effects,
will result in less defective parts during the warm-up period and a higher overall product quality.
Therefore, the multi-scale parameters influencing the friction coefficient of the process should be studied
as accurate as possible. The initial framework in Figure 3, which describes the tribological parameters
related to friction in a deep draw process, is further extended in Figure 28 and will act as a foundation of
the remainder of this theoretical framework [12] [13] [76] [77] [78] [79] [41].

Friction < B Temperature

Material parameters Lubricant properties

* Wark hardening behaviour workpiece # Lubricant thickness
* Hardness tooling * Viscosity

Tribological
System

Surface parameters Process conditions

* Roughness workpiece * Nominal pressure - Normal load
* Roughness tooling # Strain - Bulk stretching
» Relative velociry - Sliding

Figure 28 - A tribological system for temperature induced friction in sheet metal forming [6]

Each of the elements influences the behavior of friction during each of the metal forming steps in the deep
draw process and account for the final quality of the output product. According to the suggested
framework, the main aspects that influence the temperature induced frictional behavior in a deep draw
process can be classified as [6] [12] [13]:

7
0‘0

Material parameters and its behavior during both steps of the deep draw process,

Surface parameters of the tooling and the workpiece,

Lubrication properties of the type used during the deep draw process,

Process parameters and environmental conditions such as contact pressure, bulk straining and
relative velocity.

X3

2

X3

¢

X3

%

Each of the elements, as identified in the framework, can be explained by mechanisms on a microscopic
scale. In the end, the tribological framework will provide the four dimensional look-up table that is
required during the FEM simulations in order to capture the micro-scale mechanisms that influence friction
within the two-step deep draw process.

Temperature Relation

An additional effect on friction arising between the tool-blank interface is the raise in contact temperature
during the two-step deep draw process. In this study, a distinction is made between the ambient
temperature and the contact temperature. The ambient temperature is considered as a macroscopic
parameter that is the total average of the local contact temperatures within the deep draw process.
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The ambient temperature is measured and develops throughout the warm-up period of the deep draw

process as seen in Figure 29 [80].
Warm-up period

Temp

I —

f

Steady State period

0 time

Figure 29 - Representation of standard temperature warm-up curve in a deep draw process [81]

The microscopic temperature is different throughout the process and also dependent on the contact of
the tool-workpiece interface. The total average of each of the different microscopic temperature values
give rise to the macroscopic temperature. Varying amounts of dissipated energy due to plastic
deformation of the sheet material and different frictional contact between tool and the workpiece are the
main causes of local temperature variations throughout the deep draw process. The energy dissipation in
the plastic deformation and frictional contact converts into heat, significantly increasing the local contact
temperature, as see in Figure 30 below [81] [82].

Temperature (C)

a

1. (13.7 mm) 1. (28.5 mm)

Figure 30 - Example of Temperature distribution at different deformation depths in within a deep drawing process [80]

To be able to sufficiently predict the impact of temperature on the interaction between the tool, lubricant
and the workpiece within the FEM simulations, material properties, such as heat conductivity and local
strain rates are accounted for in the model. All of the temperature dependencies that are included in the
adapted model of J. Hol [6] will be outlined within the subsequent chapters regarding the elements
described in the tribological framework of Figure 28.

The following paragraph will first provide a more in-depth overview of the microscopic mechanisms of
friction and will continue to connect each of the elements mentioned above. This will ultimately lead to a
four dimensional look-up table, which accurately describes the temperature-induced frictional behavior
within a two-step deep draw process.
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Coupling Macroscale and Microscale Material Behavior

The study of friction at contacting surfaces inherently involves the behavior of surface asperities at the
micro to nanoscopic length scales. This is especially applicable for large-scale engineering applications with
sliding surfaces where the real area of contact can be described by contacting asperity pairs that only take
up a fraction of the apparent area of contact. Consequently, when focusing on the tool and workpiece
interfaces during deep drawing, the study of a single asperity in contact can be identified as a fundamental
part for describing the mechanical properties and tribological properties of surfaces. Advances within this
field of science have led to the development of advanced technologies that enable a more thorough
analysis of micro-tribology and nano-tribology. A general overview of the different aspects between
conventional, macro-scaled, and smaller tribological scales is given in Figure 31 [83] [84].

atomic tribochemistry single scanning in situ macroscale
interactions and molecular asperity probe microscopic tribology
and simulations inte.ractions tribometry tribometry

® ' ° fn
‘ ) —iﬂf F real area

(SISl & e
\ crystalline lamella: ‘dislocations

Figure 31 - A general overview of scale differences within the field of tribology [85]

Within the macroscopic scale, tribological tests are conducted with relatively large bodies of mass that are
subjected under heavily loaded conditions. The relatively large normal forces and contact area inevitable
leads to wear behavior, which is affected by the bulk properties of the mating components that dominate
the tribological performance. Consequently, in macro-tribology, the geometrical surface contact between
two bodies is approximated. Furthermore, the friction force only depends on the normal load, as given
before with Coulomb’s basic law of friction [4]:

Fy=u-Fy (8)

The friction force is also considered independent to the surface area in contact, as is stated by Amontons
second law [55]. The macroscopic phenomena that relate to friction are elastic deformation, plastic
deformation, wear mechanisms and fracture behavior. The theoretical friction

When applied to the microscale and lower, tribological tests are conducted on components with relative
small masses, under mildly loaded conditions. The decrease in contact area and normal load results in a
decrease of the real area of contact to only a few asperities. Surface properties, such as roughness, become
more dominant within the material behavior of the contacting bodies. The microscopic mechanisms that
are related to the generation of friction are (1) adhesion, (2) mechanical interaction of surface asperities
such as welding, (3) plowing of harder material into softer material, (4) deformation and fracture of surface
layers and (5) third body shearing causing local plastic deformation [86] [87] [88].

An overview of the mechanisms of welding (adhesion) ploughing and shearing is shown in Figure 32 below.
Consequently, a dependency between friction and the real area of contact can be identified at the
microscopic scale, which is based on asperity junctions that are formed due to a certain contact pressure
and adhesion.
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Figure 32 - Mechanisms of welding, ploughing and shearing [89]

The complexity of surface behavior on a micro scale generally leads to computation times that are too
cumbersome to be useful in large-scale FE simulations. Moreover, the impact of extra micromechanical
computations is generally too insignificant on macroscopic manufacturing processes. It is therefore that
analysis and prediction concerning cold forming processes in general are predicted on the macro tribology,
where the contact consists of millions of asperities, that the can be generalized as a single-asperity contact
for simplicity [84] [83].

The main purpose of this section is to provide an overview of the micro-mechanical mechanisms that are
determined to generate the coefficient of friction, which is used as a four dimensional look-up table within
the FEM simulations.

First an introduction is given that couples the macro-scale frictional behavior to micro mechanisms that
occur during the deep draw process. Following with a more in depth description that outlines the basic
micro-mechanical friction mechanisms of adhesion, deformation and shearing.

Continuing with the proposed tribological framework, each of the elements will be discussed together with
the relation to the frictional behavior of the specific two-step deep draw process. This paragraph will
provide the important equations that are used in the FEM solver, which provides a physically based model
that sufficiently captures the micromechanical behavior of friction for a tool-workpiece contact interface.

The equations are an adaptation on the work of J. Hol [6] that provides a middle way between the
overgeneralized macroscopic and over complex microscopic simulations which enables it to be
computationally attractive and still be applicable for large-scale computations [6] [90].
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Microscopic Models of Friction

In the 18" century, Desaguliers [91] was the first to introduce the concept of cohesive, or now called
adhesive, forces in relation to friction. The theory considers the adhesive forces, which interacts between
two bodies in contact, as a universal phenomenon. It considers that friction can be largely attributed to
the interaction between surface asperities that are into contact.

Tomlinson [92] expanded upon this theory in the beginning of the 20" century with the concept of
molecular forces. Friction was explained as a basic property of materials, which existed through the
working of fundamental bonding forces across the contact interface of the two bodies in contact.

The understanding of friction was accelerated during the mid-20™" century, by the work of Bowden and
Tabor [93], a firm foundation was made for the microscopic mechanisms that account for friction. Bowden
and Tabor identified adhesion and deformation as the two main contributors to the energy dissipation of
friction. Where adhesion occurs at the outermost contact layers, the effect of deformation is dominant in
the subsurface material layers.

Applying a sliding velocity and adding an intermediate medium, such as a lubricant, between the tool-
workpiece surfaces adds the shearing element of contacting asperities and lubricant layers. Assuming no
interaction between the individual mechanisms, the micro-mechanical friction is written as [6]:

Ffriction = Fadhesion + Fdeformation + Fshearing (9)

When dry materials slide against each other, a high friction coefficient of u = 0.5 typically can be
observed. Such high values of friction will affect the performance of the process and affect the final quality
of the product in metal forming practices. For the situations where high friction needs to be diminished as
much as possible, lubricants will be implemented between two contacting bodies in order to dramatically
reduce the friction force and wear to the surface [94]. The lubricant can be described as an intermediate
medium of gas, liquid or solid between the interacting layers that contains beneficial material properties
such as low shear strength. The impact of lubrication on friction in sheet metal forming is related by
parameters such as [6] [95]:

I Material properties, - Surface finish,
.  Temperature, - Sliding velocity,
Il. Contact pressure, - Lubricant characteristics

From these parameters, the impact of temperature on the lubricant will be further investigated and varied
during the analysis of the temperature dependent deep draw process. In this section, the most significant
liquid lubricant characteristics and lubricant regimes will be further explored [96].
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Lubrication Properties

From a micromechanical perspective the tool-lubricant-workpiece contact regimes can also be identified
and further outlined considering the interaction between asperities and molecular lubricant layers. The
use of a lubricant in deep drawing reduces the coefficient of friction significantly and also impacts the wear
of the tooling and the heat development during the process.

Each of the lubricant regimes that were identified in section - Lubricant Properties, are dependent on the
thickness of the lubricant in the micro-scale. The boundary, mixed and hydrodynamic lubrication regimes
are based on the thickness of the lubricant layer - A, which is defined as the ratio between the fluid
thickness and the squared surface roughness [13]. An overview of the micro-scale behavior for each of the
lubrication regimes is given in Figure 33 below.

T
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Boundary lubrication Mixed lubrication Hydrodynamic lubrication

Shearing of
the lubricant

Adhesion Ploughing

A= A=3 A

Figure 33 - Lubrication regimes and corresponding friction mechanisms compared with lubricant thickness [13]

Boundary lubrication A <1

The total nominal load is carried by the contacting asperities of the tool-workpiece surface interface with
a lubricant layer in between, the boundary layer, which exhibits a thickness of a few molecules. Tangential
movements of the surface interface causes deformation of the adhering asperities. Ploughing of harder
asperities into the softer surface also occurs. The high pressure development at the contacting points of
the surface interface cause defects in the boundary layer to occur. The boundary layer defects result in
frictional behavior similar to dry friction, explaining the high coefficient of friction in this lubrication regime
[11][10] [13].

Mixed lubrication 1 <1<3

Increasing the thickness of the lubrication layer causes for the surface interfaces to be separated further
apart, decreasing the amount of contacting asperities. The total nominal load is now both carried by the
lubricant as by the contacting asperities. The surfaces interfaces, or pockets, are now partially to fully filled
with lubricant. This decreases the ploughing and adhesion effects in the contact interface and
consequently, results in a lower coefficient of friction [11] [10] [13].
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Hydrodynamic lubrication A =3

Within the Hydrodynamic lubrication regime, the nominal load is completely carried by the lubricant which
fully separates the tool-workpiece contact surface. No ploughing or adhesive mechanisms occur in this
regime. Tangential movements results only in shearing of the lubricant layers, where the resistant to the
shearing is determined by the viscosity of the lubricant. Elastic deformation can occur at the local surfaces
regions of the contact interfaces under high loads, this effect is identified as the elasto-hydrodynamic
lubrication regime [11] [10] [13].

It is determined that in a situation of boundary and mixed lubrication regime micro-mechanical
mechanisms concerning friction will be adhesion and ploughing. When lubricating further into the
hydrodynamic contact regime, shearing forces are considered the dominant mechanism influencing the
coefficient of friction. The microscopic mechanisms of adhesion, deformation, as well as shearing will now
be explained consecutively [6].

Adhesion

Adhesion occurs when two surfaces are pressed together under a pure normal load or a combined load of
normal and shear forces. As the two surfaces come into contact, local welding and will occur at the tips of
the contacting asperities and interfacial bonds will form. This can already occur under a minimum amount
of load and requires an increased amount of force to separate the surfaces again. At the contacting
surfaces, the asperities with lower hardness will deform locally, as shown in Figure 34 [13] [45].
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Figure 34 - Demonstration of local deformation at the asperities due to an applied load [97]

Plastic flow will occur and the asperity junctions will grow until the contact pressure can be supported by
the asperities. With the assumption that plastic deformation occurs at all micro-contacts and that the
stress equals to the penetration hardness, the real area contact can be determined, which primarily
depend on the relation between the hardness of the softer material and the normal load applied, this
relation is stated as [98] [45]:

Fadhesion (10)

A, = q

Where H is the hardness of the material, A, the real area of contact and Fy the applied load. When
tangential force on the surfaces in contact, shearing occurs at the welded junctions where the adhesive
bonds must be broken [6] [45] .

42 |Page



Overcoming the shearing strength of the bonds at the welded junctions give rise to the adhesion
component of friction. Assuming that the total area of shear is given by A,,, and the relevant shear stress
by 7, we can express the adhesion force as [6] [99]:

Faanesion = Ar - T (11)
Where the relation between the adhesion component and coefficient of friction can be defined as [6] [99]:

_ Fadnesion _ Ap -t _1 (12)
Hadhesion = Fy - A, -H - ﬁ
Buckley [100] indicated the connection between the adhesion of two surfaces and the degree of matching
between their crystal planes of the materials. Consequently, the highest matching values are found for
contacting surfaces that consist of similar materials and the lowest values for materials with mismatching
plane orientation and a high degree of insolubility towards each other [6] [99].

Other factors that influence the adhesion strength are surface interactions at the interfaces such as
contaminants, fluid films and oxidation layers. These contaminations can strongly affect the impact of the
adhesion component on the friction. This is also one of the main reason that lubricants are frequently
applied between surfaces in order to reduce friction in cold forming processes by evolving the higher shear
resistance of a solid-solid contact into a much lower shear resistance of a solid-fluid film [6] [99] [101].

For solid-solid contact that exhibits isotropic plastic flow behavior, the shear strength of approximately
1/3 of its tensile strength can be identified, where the tensile strength in turn is approximately 1/3 of the
penetration hardness. Consequently, for many non-lubricated metal pairings, the coefficient of friction
will give a value in the order of u=0.16-0.2 based on a specific tool-workpiece combination [6] [102]. A
more detailed overview of the general adhesion formulas is provided in Appendix 2 — Adhesion
Formula’s.

Deformation

When a tangential movement is applied on two contacting surfaces, asperities will collide and a contact
with each other, resulting in both elastic and plastic deformation. During this interaction, the relatively
harder asperities will plow into the softer material, forming grooves onto the surface. The deformation
initiated due to sliding or ploughing gives rise to the deformation component in the micromechanical
friction [93] [98]:

Fdeformation = I'ploughing (13)

The ploughing effect of asperity-surface contact only occurs at discrete points at the surface interface, as
can be seen in Figure 35. The incoming contact angle of the harder asperities into the softer surface
together with the geometrical shape of the asperities itself influence the resulting friction force [39] [103].

!

Ploughing
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L \ § : Cracks trom tensile stresses during
- Shiding ploughing

Figure 35 - The mechanism of groove formation on worn surfaces due to ploughing of asperities [104]
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In order to define the component of ploughing, different geometrical model for asperities can be used.
The three basic geometries generally used within micromechanical models are spherical, cylindrical and
conical asperities. For each of these different geometric shapes, an expression for the coefficient of friction
due to ploughing is derived.

Asperity shape

In this section, the pile-up of material during ploughing will be neglected since it has been concluded to be
very difficult to assess this effect quantitatively. For each of the shapes the isotropic behavior is assumed
for a situation where the asperity is grooving a path through a softer surface material with p* defined as
the local yield pressure. The real area of contact needs to be determined again, this relation is stated as
[28]:

Fhiougning (14)

A. =
T H

We can define for the local normal load, with a load support area - A;, and the friction force, with the
ploughing contact are - A,, the following relations [89]:

Frormat = p" " A1 and Fnormat = p" " Az (15)

For each geometry, the sliding asperity in contact with a softer surface, the load-support and grooving
areas are shown in the figure below. Consequently, an overview of the matching equations for the load
support area, the ploughing contact area and the friction coefficient is shown in Appendix 3 — Deformation
Formula’s.
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Figure 36 - Sliding of metal asperity on softer surface material, the geometrical properties given for a (1) spherical
approximation, (2) cylindrical approximation and (3) conical approximation [89]

Shearing
For a lubricated conformal contact situation, as given in Figure 37 where both surfaces are fully
separated by a lubricant film, the general expression of the friction force can be expressed by [105]:

F=1-4 (16)

Where F is the force applied on the contact surface, T is the shear stress within the lubricant, and A is the
apparent cross-sectional contact area between the lubricant and the surface. The friction force will apply
on both sides of the lubricant-surface contact.
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The amount of shear stress is determined by behavioral properties of the applied lubricant and the
velocity and distance of the surfaces [43].

F.b.:ll:‘
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Figure 37 - Representation of shear forces between solid bodies and fluid in a lubricated contact [106]

Lubricant velocity profile

Typical velocity profiles for fully developed laminar and turbulent flows are given in Figure 38. It can be
observed that the velocity profile shows a parabolic shape in the laminar fluid flow regime, for the
turbulent flow regime a slightly broader parabolic profile is shown with a steep drop near the surfaces.
The turbulent flow towards the wall can be considered to transfer into four different regions, based on
the relative distance towards the surface. The thin fluid region close to the surface where viscous effects
are dominant can be described the viscous (or laminar or linear or wall) sublayer. Here the velocity
profile is approximating linear behavior, and the flow layers in this region are streamlined. The thickness
of the viscous sublayer in the turbulent flow regime is very small compared to the other regions,
however it plays a dominant role on the flow characteristics because of the large velocity gradients it

involves [107] [108] [109].
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Figure 38 - The velocity profile differences for both a laminar and turbulent flow in a fluid interface [107]

The velocity profile of a fluid in a fluid interface changes from zero at the surface interface to its maximum
value at the highest velocity point, which is defined Figure 38 in the center. The zero velocity between the
solid surface and the adjacent fluid layers is defined as the no-slip condition which is explained by the
viscous fluid properties over a solid surface. This viscous behavior of the fluid at the fluid-solid interface is

not same as the wetting of surfaces by the fluids. The main difference is that the wetting property results
from surface tension [117] [111].
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Viscosity
Newton was the first to describe the behavior of Newtonian fluids in beginning of the 18" century, its

classification is based on the behavior of the fluid describing the relation between the shearing stress and
shearing strain rate. A general classification of fluid flow behavior is shown in Figure 39 and Figure 40,
most of the lubricant oils that are used can be classified as Newtonian fluids [111] [112]
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Figure 39 - Shear stress and deformation rate relationship of different  Figure 40 - The viscosity of Newtonian, Shear Thinning
fluids [111] and Shear Thickening fluids as a function of shear rate

[111]

A Newtonian fluid can be described as a “true liquid” since a linear increase in stress with increasing shear
rates can be observed. The constant slope value indicates the viscosity of Newtonian fluids which can be
defined as the internal resistance to relative shear motion or the internal friction of a fluid, this relationship

is described as Newton's Law of Viscosity [113] [121]:

Fepoa-t (17)
y
This relation holds for laminar flows where the shear stress 7 in [Pa], as discussed in section X, can be

described with the relation [106] [115]:
. F (18)

A
The rate of shear deformation %or shear velocity, can be expressed by the derivative of the fluid velocity
component in the direction perpendicular to the plate and is denoted by y in [s1] [106] [115]:
ou 0 (0x 0 (0x\ OJy . (19)
525(5):&(@):E:y
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This leads to an expression of n, the viscosity of the fluid in [Pa - s] or [poise] which can be described by
the shear stress 7 in [Pa] of the fluid and the shear rate y in of the fluid in [s~1] [105] [116].
T
n == (20)
14
Translating the viscosity properties for a deep draw process where, considering the tool-workpiece
interface where two surfaces are fully separated by a lubricant film. When tangential displacement is
applied, which can be identified as the drawing of the punch, shearing occurs within the lubricant film
layers in a similar fashion as mentioned above. The lubricant, when assuming Newtonian fluid
properties, exhibits shear stress behavior that can be identified as [116] [117]:

T=n"y (21)
Implementing the normal pressure - p;,orm, Within the shearing formula results in a definition for the

coefficient of friction and lubricant velocity for full fluid lubrication [105] [116]:

TNy (22)

Ushearing =
Pnorm Pnorm

Now a relation between the coefficient of friction and the viscous forces is determined, the temperature
dependency needs to be implemented. Section X will describe the applied temperature dependent
viscosity model in the two-step deep draw process that is analyzed [43] [117].
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| - Surface Properties

The surfaces of the interacting tooling and workpiece all consist of complex structures that can exhibit
different properties depending on the type of material, method of surface roughness and the type of
interaction between the surface and the environment. Surface properties of materials such as roughness,
influence the real area of contact, friction, the amount of wear and lubrication interaction [45] [76].

Solid surfaces, irrespective of the type of material, contain irregularities or deviations on the surface
interface which prescribe the macroscopic geometrical shape of the material. Surface deviations can range
from small repeating patterns to large variations with gaps and peaks. The measurement of the
topography of the surface characteristics is known as metrology and is used to determine the suitability
of a material regarding the specific application for which it is needed. Surface measurement is a collective

term, which encompasses multiple elements [45]:

- Surface finish, - Surface roughness area (Sa), and
- Surface geometry or shape, - Surface texture,

- Surface roughness profile (Ra), orin

The ability to obtain the required surface roughness
necessary for metal forming processes is critical for
maintaining the quality of the output products. The
roughness patterns are repetitive or random deviations,
which can observe fractal formations that are self-
similar across different scales. The most important
aspects of a three-dimensional surface are the surface
waviness on the macro-scale, roughness on the micro-
scale, the general direction of the surface topography or
lay and the flaws that are present. A general overview of
the surface aspects are shown in Figure 41 [45] [118].
Surface topography can exhibit gross deviations, ranging
from a nominal shape to very long surface wavelengths.
Large deviations in the topography are not included
within the surface texture. Different surface topology
methods are used that enable a general characterization
of the total surface as given in Figure 43 [45].
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Figure 42 - Overview of general surface topology methods [45]
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Figure 41 - Overview of surface texture elements [45]
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Triboform performed confocal measurements for the surface roughness of the tooling and the workpiece
as input for the four dimensional friction table in the micro-scale. A confocal sensor is used for obtaining
precise thickness measurements is used for determining the gradual change of the surface topology under
deformation. Where deformation of the surface topology influences the behavior of the asperities, contact
patches and surface-lubricant interface and consequently affecting the coefficient friction [76] [119].

Three different sets of confocal data are presented for the tribological system of the two-step deep draw
process [76]:

Sheet material AlSI420 (Euronorm: X20Cr13)
Lubricant type Castrol lloform FST 16
Tooling type Ceratizid CF-S18Z

The results of the confocal data is given in Figure 43 up to Figure 46 below [76].

Confocal data AlSI420 sheet material

For the unprocessed workpiece material
surface that is used within the two-step deep
draw process, it can be seen in Figure 43 that
the surface topology shows general grooving in
the orientation of the sliding direction. A
surface area - SA roughness value of 0.35 um is
measured [76].

K X (sliding direction)

Figure 43 - Surface topography of the virgin AISI420 sheet
material [76]

The unprocessed workpiece material in
combination with the Castrol lubricant is
mapped in Figure 44, showing similar patterns
as without the lubricant only less apparent. The
surface is lubricated with 0.6 g/m2 Castrol
lloform FST 16 [76].

z
K X (sliding direction)

Figure 44 - Surface topography of the lubricated virgin AISI420
sheet material [76]
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Confocal data Ceratizid tool material

The Ceratizid material surface is mapped in
Figure 45, where it does not show a
directional dependency but it does show a
lower roughness value compared to the
AISI420 sheet material. A surface area - SA
roughness value of 0.12 um is measured [76].

Confocal data PCL tool material

The Philips consumer lifestyle - PCL tool
material surface is mapped in Figure 46,
showing a mixed directional dependency and
a low roughness value compared to the both
the AISI420 sheet and the Ceratizid tool
material. A surface area - SA roughness value
of 0.025 pm is measured [76].

X (sliding direction)
gy

Figure 45 - Surface topography of the Ceratizid CF-S18Z tool
material [76]

X (sliding direction)
Ly

Figure 46 - Surface topography of the PCL Ceratizid CF-S18Z tool
material [76]
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Il - Material Properties

The temperature dependent material properties from the workpiece are required input for the FEM
calculations in order to correctly simulate the material flow during deep drawing. Within the two-step
deep draw process, the mechanical behavior of the AISI 420 sheet metal material is captured by
performing hot tensile tests under variating temperatures, strain rates and orientations. From these
material tests, the basic material properties are briefly outlined below, followed by the calibrated models
used in the FEM simulation [12].

Elastic Properties
For the elastic properties of the workpiece material, the stress-strain relationship is constructed by
Hooke's law [12] [120]:

oc=E-¢ (23)

Where o represents the stress, € represents the strain and the slope of the curve identifies the Young's
modulus.

During the drawing process, workpiece material also is subjected to compressive and tensile forces which
result in shrinking, compression and bulging effects. The material behavior can be different for axial and
lateral directions which is captured by the Poisson’s ratio in the FEM simulations [12] [121]:

_ ELateral (24)

Eaxial
Plastic Properties
For the plastic properties of the workpiece material, the yield surface is described in a three dimensional
principal stress space which can be described for any material with the matrixillustrated in Figure 47 below
[12] [122].

X3
O33
- 0
Gij = 11 12 O3
O3
oy ",«{/ 02 22 o3
o Gy
&l G31 G32 033
1 o A J
G2 ||| 013
Xi
G22

Figure 47 - The general stress tensor [123]

Based on the stress matrix, the equivalent stress is calculated with the Hill’48 anisotropic yield criterion
[124]. The anisotropic behavior of the workpiece material is implemented for three orthogonal symmetry
planes. The Hill’48 anisotropic yield criterion is expressed by the following equation [124]:

zf(aij) = F(0y, — 033)* + G(033 — 011)* + H(014 — 023)% + 2L0y3° + Mo3,? + 2Noy,? = 1 (25)

Where f is the yield function of the parameters: F, G, H, L, M and N, which relate to a specific anisotropic
state of the material.
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The parameter provide the anisotropic yield functions [124]:

H H N 1 (26)
Ry= — Roy= — Rye= ——
0T g TOT F T F4r6 2

Which leads to definition of the Lankford coefficient of normal plastic anisotropic behavior [125]:

1 27
R = Z (RO + 2R45 + Rgg) ( )
For the workpiece material, an anisotropic R-value of 1.4 is used, representing the strains ratio in a sheet
metal plane and along the thickness orientation. An R-value of 1.4 shows that no thinning of the workpiece
will occur during the deep draw process.

Also the tensile strength and strain hardening properties of the workpiece material is determined to
ensure that nu fracturing occurs during the deep draw process. The tensile strength is determined as the
maximum stress-strain value that the material can attain within the plastic regime before necking and
breakdown occurs. The work hardening behavior of material increases the load-carrying capacity of the
work piece material with increasing deformation [12].

Thermal Dependency
Both the elastic and plastic properties are combined with thermal expansion properties to account for the
variating temperatures during the warm-up period of the two-step deep draw process.

The mechanical behavior of the AlSI 420 sheet metal material under different temperatures, strain rates
and orientations are shown in Appendix 4 — Material Behavior AISI 420. The results are used for the
calibration of the equations that are describing the material behavior during the warm-up period, the
calibrated material behavior is used to describe the micro-mechanical behavior in the FEM simulations.

Calibrated Material Behavior

The models that describe the total flow stress behavior as a function of increasing plastic strain, consist of
a dynamic part, and a static part. The dynamic part describes the effect of the strain rate on the flow stress
behavior where the static part takes the strain itself into account. The base form of these two relations is
generally represented within the Swift - Nadai hardening law [12] [126] [127]:

o=C" (Sp)n ) (ép)m (28)
With the flow stress o related to the strain - &, with a strain hardening exponent - n, the strain rate - £,
with a strain rate dependency m and a hardening coefficient - C.

Here the dynamic part of the hardening law or the strain rate dependency is based on the activation energy
needed for dislocation movements to occur. In turn, the static part of the hardening law is also related to
dislocations. A dislocation cell structure develops under the surface when deformation takes place. During
deformation the dislocations collide into each other with impedes further movement.
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Bergstrom [7] developed a physical based model to describe the interaction processes between
dislocations within the bulk material structure of the workpiece. The model of Bergstrom was later
expanded by van Liempt, which added the effect of plastic strain on the change in dislocation structure.
This resulted in the Bergstrom van Liempt model [128]:

- - —Q:Ere (29)
0y (&) = gy + Aoy - |B-(E+ )+ {1—e }
Within the flow stress model, three different elements can be identified:
—  Firstterm - 0y denotes the basic strength of the material before any dislocations movement
— Second term - Static part which describes the strain hardening behavior
—  Third term - Dynamic part which describes the strain rate dependency

Vegter [129] [130] [131] further modified the Bergstrom van Liempt model specifically for flow stresses
occurring at high strains during sheet metal forming processes. The isotropic hardening relation is based
on the theory of dislocation multiplications, which describes the resistance behavior of dislocations against
movement of dislocations. The modified material behavior model introduces a Hill yield criterion and a
more advanced hardening rule, which is based on a multi-axis stress state [130].

Consequently, a new formulation of the flow stress as a function of the strain and strain rate is obtained:

I kT =\ (30)
0, (&) = 0o + Aoy - B+ (24 £0) + {1 — e~ EFe0)) ]+ Go" |1+ n [ —
AG, &

In the modified Bergstrom van Liempt model, the dynamic strain rate dependency is combined together
with the Krabiell and Dahl [132] temperature induced dislocation activity. The nomenclature of the
hardening parameters in the modified Bergstrém van Liempt model is given in Table 2 below [12].

Table 2 - Nomenclature of Bergstrém-van Liempt model [6]

Static yield stress of dislocation free

% material
Aoy, Stress increment parameter
B Linear hardening parameter
o Initial strain
3 Equivalent strain
Q Remobilization parameter
n' Strain hardening exponent
gy" Maximum dynamic stress
k Boltzmann’s constant
T Temperature
AGy Activation energy
€ Equivalent strain rate
&o Initial strain rate
m’ Dynamic stress exponent
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The combined effects of elastic, plastic and thermal properties is provided in the calibrated Bergstrom-van
Liempt results that are given in Figure 48.

1000

800

600 r

Stress (MPa)

400 p

200

0 0.1 0.2 0.3 0.4 0.5 0.6
Strain (-)
Figure 48 - Calibrated Bergstrom-van Liempt model for flow stresses at new temperatures and larger strains [12]

The calibrated Bergstrom-van Liempt model will be implemented within the micro-mechanical friction
model that explains the asperity behavior under deformation of the workpiece surface. Also the FEM
simulation will implement the workpiece behavior of the AISI 420 material under deformation at the
component-level.
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lIl - Boundary Lubrication Friction Modeling

By translating the discussed theory concerning rheological and viscous properties of the lubricant for a
tooling-lubricant-workpiece interface. The micro-scale mechanics, which are implemented within the
friction table of the FEM simulations, can be described with the addition of the temperature dependency.

The lubrication behavior is based on the different regimes described in section - Lubricant Properties,
which can occur during the deep draw process. Within the FEM solver, a distinction can be made between
the temperature dependent behavior of the boundary layer shear strength and the shearing of the
lubricant layers.

Boundary Layer Shearing

For a lubricated surface in the boundary and mixed lubrication regime, the shearing occurs between the
formed boundary lubrication layers of only a few molecules thick. The layers of lubrication molecules are
lifted and driven over each other and weak attractive forces work between the shearing layers. The
strength of the attractive forces between the boundary layers of the tooling-lubrication-workpiece
interface is identified as the boundary layer shear strength.

The temperature dependent boundary layer shear strength calculations, used for obtaining the frictional
table in the FEM solver, are approximate with the relation [12] [13] [76]:

BLS factor = % (31)

Where kis the shear strength of the softest surface material in the tool-lubricant-workpiece interface. The
experimental BLS-data is generated by Falex for different metal-lubricant combinations.

Both test are applied for different workpiece-lubricant interfaces (9DX+PL61, DX+PL61SE, AlSI420+Castrol)
and temperatures of 293K, 313K, 333K and 353K at a speed of 1 mm/s. The tribology system of interest
that is evaluated is given in Table 3 below:

Table 3 - Tribological system of interest for the BLS experiments [76]

Sheet material AlSI420 (Euronorm: X20Cr13)
Lubricant type Castrol lloform FST 16
Tooling type Ceratizid CF-S18Z

The results are acquired by performing temperature dependent [76]:

Shear strength test,

Cylinder-on-flat contact test
Ball-on-flat contact test

The outcomes of the calibrations for different lubricants are given in Appendix 5 — Boundary Shear Tests.
For the shear strength test, the approximation of the temperature dependent BLS factor is provided below.
The lubricant of interest is Castrol lloform FST 16, which is further examined in the follow-up with Cylinder-
on-flat and Ball-on-flat contact experiments. The calibration of the relationship between temperature and
the BLS factor relationship, for the Castrol Iloform FST 16 lubricant, is given in Figure 49 [76].
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Falex stated that only the measurement point of 20°C was properly determined and that the other points
were constructed using a reverse engineering approach [76].

AISI420 + Castrol + Ceratizid

— ! T[°C] TF Falex
43-» 20 0.132 0.132
S 05
g 40 0.32 0.128
0 60 0.6 0.177
0 20 40 60 80 100
Temperature [°C] 80 0.75 0.24

—&—TF (rev. eng.) —@—Falex

Figure 49 - Determined relation between the BLS and the temperature for Castrol lloform FST 16 [76]
Full Lubrication Shearing
The lubrication behavior for mixed into full Hydrodynamic lubrication results into shearing mechanics that
are similar to the shearing of the boundary layers. Within the Hydrodynamic lubrication regime a relative
thick lubricant layer is present between the tool-lubricant-workpiece interface, which results in the
shearing of individual layers within the bulk of the lubricant. The shearing of these individual lubricant
layers rely on the viscosity properties of the lubricant.

Within the dynamic viscosity calculations for the frictional table in the FEM solver, the temperature
dependent dynamic viscosity of the lubricant is represented by an exponential relation [13] [76]:

Nayn=a TP —c-e T (32)
The outcomes of the fully lubricated viscosity tests are given in Appendix 6 — Temperature Dependent

Dynamic Viscosity Tests. The calibration of the temperature dependent dynamic viscosity for the Castrol
lloform FST 16 lubricant in the established tribology system is provided in Figure 50 below.

0t Dynamic Viscosity Dynamic Viscosity
O Experimental data 03 O Experimental data
=—Fit: Castrol lloform FST 16 =—Fit: Castrol lloform FST 16
H ® 0.2 . ®
TriboForm TriboForm
03 virtual tribology virtual tribology
w @04
o - B
&, g
2 2
7] B
go2 8
2 2
> >
i €
14 &
0.1
0
0 25 50 75 100 25 50 75 100
Temperature [°C] Temperature [°C]

- ®
Trl bO FO rm Relation used to describe dynamic viscosity: D™ aT?- c-exp(-d-T)

virtual tribology

“m Dens"y (kglma)

Castrol lloform FST 16 84.3677 1.862 0.0038724  -0.0078646 941000

Figure 50 - Temperature dependent dynamic viscosity of Castrol lloform FST 16 lubricant [76]
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IV - Process Parameters

As established within the tribological framework of friction in section - Tribological Framework, another
important factor influencing friction within cold forming processes is the micro-mechanical behavior of
surface material in contact. The micro-mechanical behavior at the surface interface between tool and
workpiece affects the flow behavior of the material, surface quality of the end product and the tool life
expectancy. This specific behavior within the FEM solver is captured by the model of J. Hol [6], which
defined and combined three main mechanisms on the micro scale responsible for causing surface changes
of the processed material.

At the contact interface of the workpiece, surface flattening and roughening behavior contribute to the
change of the real contact area. The flattening behavior primarily occurs due to normal loading, sliding
and bulk deformation in cold forming processes thereby increasing the real area of contact. Consequently,
the real contact area plays an important role in the characterization of friction [6].

The distribution of the contact patches is determined and expanded upon the work of Greenwood and
Williams [133], which provided an initial stochastic approach to describe the surfaces roughness. Within
the FEM solver, assumptions are made with respect to 3D rough surfaces in order to obtain a reasonable
tradeoff between accuracy and computation time [6].

The model of J. Hol [6] embodies existing, adapted and newly developed models into a framework that
provides a three stage solving methodology in order to determine the shear stresses and corresponding
surface friction for tool-workpiece contact. An overview of the stages within the framework is given in
Figure 51 below [6].

1. Input: Process variables and material

characteristics

A

. . Implemented models:
2. Asperity deformation due to

, ; Normal loading: Newly developed
normal loading, bulk deformation and . ¢ W, .
lidi Bulk deformation: esteneng
sliding R :
e Sliding: Tabor
£ . Implemented models:
3. Calculation shear stresses between 5 P _ . ;
; TS 2 : Single asperity model: Challen & Oxley
solid-solid contact and corresponding :
Multiple asperity model: Maetal

friction coefficient

Figure 51 - Solving methodology concerning the friction look-up table [6]

In the first stage, the required process variables and material characteristics of both the tool and workpiece
surface are implemented. The second stage, consist of the three mechanisms that accurately describe the
behavior of asperities at the contacting surface. In this stage a, distinction is made between three different
causes of deformation with their corresponding theory model:

1. Asperity deformation due to normal loading —Introduced by J. Hol [6],
2. Asperity deformation due to sliding — Proposed by Tabor [134] and
3. Asperity deformation due to bulk deformation — Proposed by Westeneng [21]

57| Page



The three models together comprehend the predicted surface changes during the cold forming process
and provide an expression for the fractional real area of contact. In the final stage, the shear stresses with
corresponding friction coefficients are calculated. The following two models provide the coupling between
the asperity deformation and shear stresses:

I.  Single asperity model — Proposed by Challen and Oxley [135],
Il. Multiple asperity model — Proposed by Ma et al [136].

The single asperity contact model of Challen and Oxley [135] [137] is implemented to predict the friction
forces on individual contact points. An expansion is made upon the single asperity model by Ma et al.
[136], which adds the implementation of surface contact patches and allows for the summation of all
individual contact contributions to the friction coefficient.

Each of the aforementioned models will now be discussed in the following sections for the second and
final stage of the solving methodology.

Flattening due to Normal Loading - J. Hol Model

In this section, a contact model is provided by J. Hol [6] which describes the flattening due to normal
loading. It is proposed as an extension on the contact model of Westenerg [21] which takes the effect of
work hardening into account within the deformation of asperities.

The model of Westenerg builds upon the elastic contact model introduced by Greenwood and Williams
[133] which calculates the amount of asperity deformation based upon the asperity density, mean asperity
radius and the summit height distribution. The summit height is based upon the peak height of an asperity,
resulting in a height distribution where its accuracy is bounded by the resolution quality of the scanning
method used to scan the surface. Both models describing the different approaches for the height
distributions are shown in Figure 52 below.

The model of Westenerg replaces the summit height distribution by a surface height distribution, which is
based on measured surface points, to predict the size of the real contact roughness. It describes plastic
contact behavior that accounts for work hardening effects and shear stresses between crushing and raising
asperity behavior. This results in different surface behavior, in contrast to traditional contact models,
which shows a disproportional increase in surface area in relation to the nominal pressure. The flattening
behavior as modelled by J. Hol [6] assumes a perfectly flat tool in contact with a rough workpiece surface
that is described by the model of Westenerg [21].

. . Mean line of Surface Surface height
Mean asperity  Mean line of ~ Summit height surface points pixel d1'5h111uh§n
radius summits Summit distribution _L_

AN

Measured rough
surface

—oo

Figure 52 - Schematic view of the summit height distribution by Greenwood and Williamson [133] (left) and the surface height
distribution by Westeneng [21] (right)
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In Figure 52, each asperity is represented by a bar, which can display both flattening and rising behavior.
The hardness of the tool is greater than the hardness of the workpiece. The hardness of the workpiece will
determine the maximum local pressure that each asperity, or bar, can support. The hardness of the
material is approximated by [6]:

H=B" g, (33)

Where parameter B is experimentally determined with the Brinell hardness test by Tabor [134], which will
vary with surface deformation due to non-linear hardening effects during indention. The ag,, parameter
describes the yield strength, which is determined by a modified Bergstrom van Liempt model [7]:

o kT =]\ 64
0y (8) = 0p+ Aoy - |B- (€4 &) + {1 — e VETE)} ]+ oo" - [1 +—- ln( )]
AGy &0

The material flow behavior based on the equivalent strain - ¢, is derived from the total plastic strain - ¢,
which is derived by using the reference height - A of the surface distribution.

The reference height - 1is assumed to be constant for each asperity and depends on the surface roughness
of the workpiece. Based on this constant, the total plastic strain can be calculated with the equation below
[6] given below for each of the bars identified over the workpiece surface. A distinction in local strain is
made for each bar, which is determined by a contact or no contact situation between the bar and the work

tool.
z—d A+z—-d
n(‘1+ 1 L)zln(‘TL) forz+U, =d, contact (35)
Uy A+ U
ln(1+ h )=ln( 7 ) forz+ U, <d;, nocontact

With the given formulas, the behavior of each asperity can be determined and converted to the
macroscale, resulting in the nominal pressure - p,,,m by balancing the total internal with the total external
energy applied within the tool-workpiece contact situation. This contact situation, based on the surface
height distribution is introduced by J. Hol [6] and shown in Figure 53 below.

Crushed Tool Raise non- cﬂnt;-ctmg

asperities  surface Surface 1
Az o\ PR I o E
Auj I|

Auy
=L

Workpiece
asperities
[TTTTTTITTITT

Figure 53 - A rough surface subjected to a normal force applied by a smooth rigid surface [6]
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J. Hol [6] describes three possible situations during tool-workpiece contact, which can occur for the bars
in the boundary lubricated normal loading model:

l. Bars which are in contact with the tooling [6]

The surface bars in contact with the tooling are flattened down to the reference height; the
crushing height is given by variable - Az;.

1. Bars which are initially not in contact with the tooling but will eventually come into contact [6]

Bars, which are initially not in contact, are lifted due to internal material flows initiated by the
flattening of larger contacting asperity bars. The flattened material flows in a disproportional
manner to neighboring asperities, raising the bars up which is denoted by the variable - Au; up to
a maximum raising height - Au;. If the raised bars encounter the tool surface, and no equilibrium
situation is reached yet, then the first situation occurs again and the raised bars are flattened. This
form of secondary flattening is denoted by - Az; where:

AZj = Aul - Auj (36)

1. Bars which that are not and will not come into contact with the tooling [6]

The bars, which are not getting in contact with the tooling can also be raised due to material flow.
The raise in height however is insufficient to result in contact with the tooling, and an equilibrium
is reached between the load exerted on and the support provided by the contact surface.

With the total amount of bars, for a lubricated surface contact situation, is given by the expression:

M=N+N"+N*" (37)
Where:
N - The number of bars which are directly in contact with the tool,
N* - The number of raised bars in contact with the tooling due to material flow
N** - The number of bars which are never in contact with the tooling

These three different behavioral situations are described by an overall conservation law, which states that
the total internal energy must be equal to the total external energy for the given situation. The energy
equilibrium is given in the following equation as [6]:

Wext = Wine (38)
The formulas for the energy conservation law are shown in their rewritten stochastic form in order to be
computationally applicable to large scale FEM simulations. Stochastic parameters are used to translate the
deterministic 3D surface roughness of the tool-workpiece contact surface from a micro to macro scale.
With the stochastic parameters [6]:

P, (2) - The normalized surface height distribution

U, - The uniform raise of the non-contacting surface area

d; - The separation between the tool and mean plane of the workpiece surface
L - Refers to the normal loading increment within the simulation
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Given in the stochastic form, the indentation factor (w) and energy factors (y, §,y) are rewritten by
implementing the normalized surface height distribution - ®,,(z) and taking the limit for an infinite
number of bars. This results in expressions which are all depending on statistical parameters.
Implementing the energy factors in the energy conservation law and introducing the nominal contact
pressure provides the final relation [6]:

Fy B _(V ﬁ>+ S Y (39)

Pnom = = —+n-—= s
Anom. Anom, w w AnOﬂl w

After the normal load is found, the next step is to determine the separation between the tool and mean
plane of the workpiece surface - d; and the uniform raise of the non-contacting surface area - U;.

An expression is derived by assuming volume conservation during crushing and raising movement of
asperities [6]:

N N** N* (40)
ZAZL"AA = ZAul-AA+ZAuj-AA
i=1 =1 j=1
energy crushing asperities energy raising asperities
Rewritten in stochastic form results in the equation [6]:
* (41)
na-a)= [ G-d) e
d,-ug

This ultimately gives the Table 4, which calculates the given equations for each normal loading increment,
where a Newton Raphson scheme is used for soling non-linear expressions.

Table 4 - Solving Scheme 1 — Flattening due to normal loading [6]

Given Pyom:

w w

Biom =

Fu B (v By S ¥
Anom Anom w

Determine d; and solve U, :

[ee]

U,(1-ay) = f (z—dy) B, (2) dz =0

d-Up

Such that the fractional real contact area a; :
[oe]
a, = f ?,(z) dz
d-Ug
Output:

dL’ UL’ (XL
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Flattening due to Normal Loading and Sliding - Tabor

In this section, an extension on the normal loading model is provided that accounts for sliding effects in a
tool-workpiece contact situation. Including a tangential movement between the tool and workpiece
provides an increase of real contact area, which is captured by the junction growth theory of Tabor [134].

Mechanisms that account for the increase in the real contact area are combined. First, an increase due to
normal loading as provided in the previous section is assumed which solves the energy conservation law
that needs to converge to an equilibrium. Applying a normal load to the tool-workpiece contact area
results in the deformation of softer workpiece asperities. However, at smaller scale, the penetration of
harder tooling asperities into the workpiece surface is also included. This results in the second mechanism
of deformation and junction growth due to sliding. It is assumed that the penetrated tooling asperities
only have contact with the workpiece at the frontal area of the asperities

In order to provide a force equilibrium between the frontal area of the tooling asperities and sliding force,
an increase of contact area is required.

The force equilibrium for the deformation due to sliding holds for an increase of real contact area by a
factor of two [6]:
al =2af (42)

Where the initial area of real contact - a2 is determined after reaching an equilibrium within the normal
loading situation. Applying the Von Mises yield criterion, Tabor [134] provides an expression for the
increase in real contact area due to tangential loading:

Vv = /1+k.u2 (43)

Where the increase of fractional real contact area - v, is related to the friction coefficient - pand a shearing
factor - k. Based on the experiments of Tabor in a 2D situation [134], the shearing factor is determined to
be constant value of 3. The shearing factor for a 3D situation is provided experimentally [6].

In order to find the force equilibrium due to sliding, an iterative scheme is introduced that takes into
account the relation between change of friction and change of real contact area. For each iteration, the
fractional real contact area - v, is updated up to a predefined threshold error.

After error criterion is satisfied, the next step is to account for the separation between the tool and mean
plane of the workpiece surface - d; and the uniform raise of the non-contacting surface area - U;. As
provided in the extended Table 5, a Newton Raphson scheme is applied.
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Table 5 - Solving Scheme 2 — Flattening due to normal loading and sliding [6]

Input:
Solve force equilibrium:

Real contact area v™ iteration scheme:

n=1
while (|e™| > error) do

Solve u™ for current ag:

vit= 1+ k- (u")?
Update ag:
1

altt =ym. ol

e’ = lag*! — a3

n=n+1

end while
a; =al

Solve U and d; for a such that:

ag = f ®,(z)dz=0
ds—Us
ds—Us
Output:

Us, dg, ag

U1 - ay) = f (z—dy) @, (2) dz =0
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Flattening due to Normal Loading + Bulk Stretching - Westeneng

In this section, another extension on the normal loading model is introduced where the effect of stretching
in the underlying bulk material on the tool-workpiece contact is included. During normal loading on the
contact surface, asperities will deform plastically. When no equilibrium has yet been reached and the
asperities are already in a plastically deformed state, a strain rate is initiated in the horizontal direction of
the underlying bulk material. Surrounding valleys of the asperities are stretched, as seen in Figure 54 [21].
As aresult, an increase in surface contact and a decrease in the effective hardness occurs [138] [139] [140].
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Figure 54 - Bulk stretching during surface contact under normal loading [21]

Westeneng [21] proposed an analytical contact model to determine the change in effective hardness due
to bulk straining under a normal load. The effective hardness - H. ¢ can be expressed as:

Biom (44)
Hepp = =

Where the effective hardness is based on the relation between the nominal pressure - P, and the real
contact area - a. In the analytical model. Westeneng [21] introduced the impact of the planar strain - &,
on the change in the fractional real surface - a, in the following expression:

% W .—da‘s (45)
de, d(U, —d,)
Where the mean half space between neighboring asperities - [ is described as [21]:
1 (46)

2y/pw - e
Which is based on the asperity density of the workpiece surface - p,, and the fractional contact area for a
specific strain step - a; [21]:

[ =

Both the normal loading and sliding model are used (Us, ds and a) to implement the effect of bulk
stretching within the solver. The effect of bulk stretching on the change of contact surface is expressed
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within a velocity parameter - W, which expresses the velocity of the crushing and lifting motions during
normal loading.

a, = f ?,(z)dz (47)
de—U,

An empirical model is introduced by Sutcliff [53] to account for the lack of time dependency within the
velocity parameter. The performed slip line analysis resulted in a relation between the velocity parameter
- W and the slip-line angle - y, which is expressed as:

W = -0.184 + 1.21 e*47¥ (48)
H
ff (49)
Y= :—k(l - ag)

With the slip line angle being dependent on the relation between the effective hardness and the Von Mises
criterion under pure shear - k which is given as:

p = (50)
BV3

With the hardness of the material - H and the Brinell hardness test parameter — B [134]:

B = 2.8 for steel materials (51)
For the flattening due to combined normal load and bulk stretching, an iterative scheme is introduced to
solve the change in the fractional real surface - a which is expressed by the differential equation [6]:

da, (52)
=0l-W-o,(d; —U
d£p W( & 8)

For each iteration of the planar strain - &,, the change in the fractional real surface area - a, will be

determined by an Euler method. A Newton Raphson method is also applied, which solves the uniform raise
of the non-contacting surface area - U, and the separation between the tool and mean plane of the
workpiece surface - d.. An extended procedure is shown in Table 6 below.
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Table 6 - Solving Scheme 3 — Flattening due to normal loading and bulk stretching [6]

Input:

Real contact area v™ iteration scheme:

Output:

0 40 0
ep, dep, Ug, dg, ag

n=0,"=0
while &, > €™ do

Solve da™ for current de,:

dal = (1-W -, (d? — UM))de,
Update a,:

al*l = al + dal
Solve UM and d?*? for al*! such that:

f ®,(2)dz=0
anti_yn+i

URt (- a2t

Qi+l =

(o]
7 — dn+1
,L?+1_Ug+1( € )

=0
el = ¢ 4 ds
n=n+1
end while

d. =d}, U, =U}a, = al

dE' US' aS

P, (2) dz
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Modelling Evolution of Friction

The flattening models for normal loading, sliding and bulk stretching which are described in this chapter,
result in a definition of the real contact area during tool-workpiece contact. Based on this, the evolution
of friction can be determined for a sheet metal forming process.

In this section, first the single asperity model of Challen and Oxley [135] [137] is outlined which describes
the evolution of friction on a single contact patch. Second, the single asperity contact model will act as a
foundation for the multi-scale friction model introduced by Ma et al. [136], which is adapted for a metal
forming process. The flattening models in section - IV - Process Parameters are combined with the adapted
model for multiple contact patches. Finally, the friction coefficient is obtained for the summation of shear
forces acting on the real contact area [6].

Friction Model - Individual Asperities

The single asperity model of Challen and Oxley [135] [137] describe the friction forces that act on a single
contact patch based on a wear mode diagram. The wear mode diagram in Figure 55 illustrates three
possible wear regimes:

1. Cutting regime
2. Ploughing regime
3. Wedge formation regime

Each of these modes are determined by a slip line analysis for a wedge shaped tooling asperity in contact
with a softer workpiece surface [135] [137].
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Figure 55 - Wear-mode diagram for a wedge shaped tool asperity indenting a workpiece surface [6]

The friction force as a function of the attack angle - 8 of the asperity and the shearing factor - f between
the shear strength of the interfacial boundary layer (7) and the workpiece material (k), which can be
described in the following equation [135] [137]:

fc= (53)

=1

With k being dependent on the Von Mises criterion and the shear strength of the interfacial boundary
layer for full plastic deformation being defined as [6] [135] [137]:

p\" H\" (54)
Tptasti =C'C‘) =C'(‘)
plastic Do Do
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With the contact pressure being equal to the hardness of the workpiece material for full plastic
deformation. Each of the wear modes are represented within a different friction formula which are briefly
discussed below.

Cutting regime
For sharp asperities in contact at a high attack angle the cutting regime holds, causing chip forming
and groove formation on the softer surface. The expression for the friction coefficient is
determined as [6] [135] [137]:
F 1 1 (55)

Keutting = N tan (9 - Zﬂ + Earccos fC>
Ploughing regime
For blunt asperities in contact at a low attack angle the ploughing regime holds, resulting in groove
formation together with material accumulation at the sides. The expression for the friction
coefficient is determined as [6] [135] [137]:

F  A;-sin@ + cos(arccos (fz — 6)) (56)
Hploughing =y = A, - sin@ + sin(arccos (fp — 6))
With:
1 . sin(0) (57)
A =1+ i + arccos(f;) — 260 — 2 arcsin —
(1-fe)2

Wedge forming regime

The wedge-forming regime holds for high shearing factors where the strength of the interfacial
boundary layer is greater compared to the shear strength of the workpiece material. In this regime
a wedge type of wear debris is formed. The expression for the friction coefficient is determined as
[6] [135] [137]:

1 58
F {1 —2sin(4;) + (1 - fcz)z} -sin(@) + f¢ - cos O (58)
Hwedge—forming = N = 1
{1 — 2sin(4,) + (1 — fcz)z} ~cos(8) — f¢ - cosO
With:

11 [ sin(o) (59)

A, =1- i Earccos(fc) + 2arcsin| ———

(1-fc)2
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Friction Model — Multiple asperities

Ma et al. [136] further extends the wear regime model of Challen and Oxley [135] [137] for the total real
area of tool-workpiece contact. This model provides a deterministic approach that maps both surfaces and
accounts for flattening effects under normal loading, sliding and bulk stretching based on a force
equilibrium. Subsequently, the multi-scale friction model prevents that its accuracy becomes dependent
on the surface scanning quality or that it loses applicability under high fractional contact areas.

Instead, a translation of single asperities into a multi-asperity contact patch is performed by binary image
processing techniques, excluding any possible scale dependency problems.

The contact patches are identified as a group of pixels penetrating into the opposing surface. In order to
find the friction force as a function of the attack angle - 8, an elliptical paraboloid is fitted through the
height characteristics of the contact patch, which is illustrated in Figure 56 [136].
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Figure 56 - Schematic overview of the mapping process to determine the angle of attack for a contact patch [6]
The elliptical paraboloid can be described as [6] [136]:

“m(a-b) m(a b -w) Ag-w (60)
zdz = > = >

Veu = fow”a'(z) “b'(z)dz = fo

With:
2% (61)
Aepy=mn(a-b) and w= EZ w;
i=1

With the height depending on the geometrical characteristics of the contact patch [6] [136]:

b - The major axis

a - The minor axis

w - Penetration depth of the contact patch

Q - The orientation angle between the major and minor axis
Qy - The characteristic length of the contact patch

Based on these geometrical characteristics, an effective attack angle - 6,5 between the paraboloid and
the counter surface can be determined as [6] [136]:

20)) <2w\/(b cos )2 + (a- cos ¢@)? ) (62)
= arctan

7] = arctan (—
eff a-b

ax
It is important to note that the model of Challen and Oxley [135] [137] only accounts for ploughing and
adhesion effects in a 2D plane strain situation.
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To translate the mechanisms of friction so that it captures the 3D nature, Hokkirigawa and Kato [141]
introduced the shape factor - y to calibrate the effective angle of attack. The shape factor can be
determined by sliding experiments for a specific tool-workpiece combination. The corrected angle of
attack can be determined for specific sheet metal forming processes in 3D [141]:

<2a)\/(b - cos )2 + (a - cos )2 ) (63)

2w
6 = arctan (—) = arctan
aX

x-(a-b)

Friction Model — Friction Coefficient for Contact Patches

Being able to determine the angle of attack for each contact patch together with the sliding direction. The
coefficient of friction can be determine as the summation of all individual friction forces that are
determined with the angle of attack divided by the summation of the normal loads carried for each of the
individual contact patches. Using Coulombs friction law [4] the coefficient of friction is defined as:

Ry Xt (6)-Ai-H (64)
“TR T IR ACH
With:
m - The number of contact patches
Wi - The individual friction coefficient for a specific wear regime
; - The angle of attack for a specific contact patch

A major benefit of this multi-scale frictional approach is that anisotropic effects on individual contact
patches are correctly captured by the elliptical paraboloid function, incorporating the effect of individual
sliding directions into the overall coefficient of friction [6].
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FEM Analysis

The multi-scale friction parameters described above are used in the simulations and provides a generic
framework to predict friction in steel sheet forming processes. The model accounts for micro-mechanical
behavior of the tool-sheet metal contact systems and therefore the changes in surface topography and
the evolution of friction during the forming processes.

It is established in the model that the rise in tool temperature originates from:

— Plastic deformation of the sheet metal,
— Friction induced heating due to asperity deformation and
— Pressurized lubricant at blank surface pockets during mixed lubrication regimes

The temperature rise has important influence on the tribological behavior of the tool-blank contact
system. The FEM analysis will study this temperature-friction relation and its impact on the material flow
of the workpiece material during the specific two-step deep draw process. It is possible to perform small
changes to the process during the simulations by varying the press speed and blank holder forces.

The aim of the FEM analysis is to validate the chosen frictional model for the described tribological system.
Besides the validation, a pilot study is performed for exploring the control system possibilities to reduce
the amount of product failure during the warm-up period. Both FEM goals will help in formulating
recommendations for further research in the final stage of the ASPECT project.

Micro-scale Four Dimensional Look-up Table
The most important elements identified in the tribological system of section - Tribological Framework are
used for computing the temperature induced frictional behavior of the contact interface in both boundary

and mixed lubrication regimes. For the coefficient of friction, a four dimensional look-up table is generated
based on [3] [6]:

Nominal contact pressure - Piom
Temp - T
Relative velocity - Vrel
Strain - €

Each of the calibrated parameters for the provided tribological framework are cross fitted and measured
for the values given in Table 7.

Table 7 —Tribological values used in the FEM Analysis

Roughness sheet [Sa]: 0.35 um
Lubrication amount: 7.0 g/m2
Roughness tool [Sa]: 0.02 um
Pressure: 1, 8.33, 16.67, 25.00, 33.33, 41.67, 50 MPa
Temperature: 20, 30, 40, 50, 60, 70, 80 °C
Velocity: 1, 33.33, 66.67, 100, 133.33, 166.67, 200 mm/s
Strain: 0, 0.06667,0.13333, 0.2, 0.26667, 0.33333, 0.4 -
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Cross fitting each of these values results in a 4D Triboform frictional model for AISI420 as workpiece
material, Castrol lloform FST 16 as lubricant and Ceratizid as tool material.

The micro-scale data is implemented within the FEM simulations as a four dimensional look-up table that
provides the corresponding coefficient of friction for each combination. The development of the material
behavior is modeled through the use of a special subroutine for each forming step within the simulation.
The corresponding coefficient of friction is read from the look-up table that is based on the micro-scale
mechanisms that are outlined in the Theoretical Framework. An example of the Triboform frictional model
for different temperatures and tool roughness variations is provided in Figure 57 [76].

The generated file used in the special subroutine that contains the complete 4D-frictional look-up table is
provided in Appendix 7 — Four Dimensional Look-up Table. The subsequent chapter will provide a more in-
depth overview of the subroutine that is used within the FEM simulation in combination with the
generated 4D frictional look-up table.

Figure 57 - Development of the friction coefficient at 20, 40, 60 and 80°C for a strain, €=0 [76]

Figure 58 - Differences in p for Sa-tool of respectively 0.01, 0.02 and 0.05 pm [76]
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Subroutine

The subroutine that is used during the FEM analysis, consists of two main steps that will be performed
during each increment or time step. Note that for the first increment — k, the initial temperature (room
temperature) will be implemented as input into the mechanical solver. A schematic overview of the
subroutine steps areillustrated in Figure 59. A more in depth explanation of each step in the subroutine is
provided below.
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Step 1
Thermal Solver

Updating Tj,_, with input heat flux from local
plastic deformation and friction heat from
mechanical part of previous increment

New Increment, k+1

At
2
v
A Not Converged
Converged |— T, Adjust Time Step
¢ At for Increment k
Mechanical Solver Step 2 4]
FPunch,k —> Atg
2
Newton-Raphson iteration Sub-Step |

u = Fext - k_l

Temperature dependent material behavior
based on Tj,

Iterating

User Subroutine Sub-Step Il

Bergstrém-van Liempt model (a,,) for
converged Ty

Lookup Table Sub-Step Il

Uk = LUP (€k—1, Pnomk—1, V-1, Tk)

- -
¢ q.friction,k ¢ g,plastic work,k

€k Pnomks Vk

Figure 59 - Schematic overview of the subroutine steps performed at each increment during the FEM analysis

Step 1 - Thermal Solver

During the thermal solver step, the local temperature values (T}) for that particular time step are used

and implemented into the mechanical solver for each of the nodes.
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Step 2 - The Mechanical Solver
Sub-Step | — Material properties update by temperature

The thermal value from the thermal solver step (T%) is inserted, such that the strain hardening curve is
only depending on ¢ and ¢, so 0y, = f(T,&,€) 2 0, = f(& ¢€). Next a first estimation is done on the
incremental increase (either positive or negative) of the tool forces and displacements. Most likely this will
not provide a convergence right away due to the nonlinear nature of the material behavior. Resulting in
the start of sub-step 2

Sub-Step Il — Curve fitting of the Bergstrém-van Liempt with Newton-Raphson scheme

In order to approximate the (nonlinear) elastoplastic hardening Bergstrém-van Liempt curve (ay) [7], a
Newton-Raphson (NR) Scheme [142] is initiated as an iterative solution method. The interaction between
the material behavior and the displacement is provided in Figure 60 below [143].
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Figure 60 - Overview of the modified Newton-Raphson Scheme [142]

During each iteration the load-displacement curve (u = F,,; - k~!) is approximating the Bergstrém-van
Liempt curve where the load and the displacement are based upon the material properties of the sheet.

- Here the Bergstrom-van Liempt curve provides the g,,.
- The Newton Raphson iterates to approximates the Bergstrom-van Liempt curve to find ¢

After each iteration, the corresponding nodal strain is found for the corresponding nodal stress. When
converging takes place the following parameters are known for this increment: g, Pyom i, Vk-

Sub-Step Il - 4D frictional Look-up Table

After finding the parameter needed to implement within the formula for the look-up table. The related
friction coefficient (u;) can be found. Next increment - k+1

For the next increment, k+1, the heat flux from the friction and plastic work is inserted into the thermal
solver. Together with the thermal properties of the materials specified, this will result in converged values
Ty 44 for all nodes.
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Simulation

During the FEM analysis, three studies are performed to observe the behavior of temperature induced
friction in the specific two-step deep draw process. The first study focusses on the different standard
friction models that are possible to apply in the MSC Marc software, outlining the differences between
and the influence of friction in each model that are generally used for metal forming studies. The second
study will continue with the adapted Bergstrom van Liempt model that was introduced in the theory
section and starts with a sensitivity analysis to check the temperature dependency and individual
contributions of each frictional parameter. The third study will reproduce the Bergstrom van Liempt model
results for different tooling roughness and film thicknesses lubricant film to check the robustness of the
formulated calculation model. Within the FEM analysis, the material, tooling and lubricant type that are
used within the FEM analysis are identified as:

Sheet material AlSI420 (Euronorm: X20Cr13)
Lubricant type Castrol lloform FST 16
Tooling type Ceratizid CF-S18Z

The FEM simulations are performed in MSc Marc, simulating the specific two-step deep draw process that
was described in section - Two-Step Deep Draw Process. The described subroutine is used to model the
temperature induced friction coefficient during each forming step. Each step of the deep draw process is
separately simulated where the end result of the first drawing step will be the input of the second drawing
step. The described subroutine in section - Subroutine together with the four dimensional look-up table in
Appendix 7 — Four Dimensional Look-up Table will be used for every increment during the calculation of
both drawing steps. A radial overview of the general set-up of the two-step deep draw process in in the
simulation is provided in Figure 61.

WS Sattwary

Figure 61 - General overview of the two-step deep draw process [5]

Dimensions

The determined dimensions for the FEM analyses are predetermined in the foregoing pilot study of M.
Veldhuis [3] that presets the tooling within the deep draw process to be highly sensitive to temperature
deviations. The tooling interaction is preset to generate heat and display a start-up behavior concerning
the temperature-friction relation.

Also the impact of other unwanted spread sources, such as the influence of normal anisotropy and work
hardening behavior. The most important control parameters are given below, a more detailed overview is
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provided in Appendix 8 — FEM Analysis - Dimensional Parameters. With the general dimensions being
identified as:

e  Punch fillet radius step 1: 2.00mm

e Punch fillet radius step 2: 1.00mm

e Blank holder Force in step 2: variable between 250 and 450N (set at 250N in nominal simulation)

e Redrawing depth in step 2: flexible between 1.65 and 3.65mm (set at 2.69mm in nominal simulation)

The general dimensions that enable the temperature dependency of the system is applied for each of the
three performed studies. The generalization in the set-up of the process enables to analyze and compare
the main results for each of the studies in the remainder of this research project. In order to do so, first
the main parameters of study are specified.

Parameters of Interest

The exploratory study of M. Veldhuis [3] determined that for the FEM analysis, the main output
parameters for determining the impact of temperature and friction on the process are the flange diameter,
the hole diameter and the final height of the drawn cup. Primarily the geometrical dimensions of the drawn
cup will be used for determining the general material flow behavior after both steps of the deep draw
process. Before the metal forming process begins, the starting dimensions of the flange and the hole are
identified as:

Hole Diameter 2 [mm]
Flange Diameter 29 [mm]

In general, the output parameters should be sensitive to the control parameters that are identified in to
be highly susceptible for temperature changes and friction [1] [3]. The general parameters measurable in
the FEM simulations are provided in Figure 62 below.
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Figure 62 - Schematic overview of the general output Figure 63 - Detailed overview of different material behavior
parameters of interest [3] regions and contact points of interest [3]

When studying each of the forming steps separately, both the radial changes of the flange and hole as the
regional changes are taken into account. In order to do this, the blank material will be divided into zones,
as described in Figure 10.
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For each particular zone, the material behavior is identified for which differences are expected in the
outcomes. The material movement of the specific zones in the workpiece will be analyzed in order to
provide a more in depth view of frictional impact on the local material flow behavior.

For every node in contact, the in-place plastic strain, contact normal pressure, sliding velocity and
temperature are determined and within a 4D frictional look-up table, the corresponding friction coefficient
is looked up and used in the next increment

The main reason to look further into each of the separate steps is to study the possibility of different
effects that negate each other in the total material flow. A more detailed overview, indicating the different
material behavior regions and points of interest are illustrated in Figure 63.

In order to link the material flow behavior to the implemented temperature dependent frictional model,
the main contact points within the workpiece-tooling interface are observed together with the frictional
values and temperature development throughout the workpiece material for each increment. An overview
of the gradual changes will then be plotted and provide a total overview of the observed behavior within
a two-step deep draw process.
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FEM Results

The FEM results will consist of four different sets of studies that are simulated within MSC Marc and will
provide the outcomes of frictional behavior within the two-step deep draw process. Each of the studies
are discussed in the subsequent chapters where the main findings will be used for answering the research
questions.

In the first study, FEM analyses are performed for different standard adaptations on the Coulomb friction
model that are available in the simulation software. The different models provide a general overview of
the impact of friction within the metal forming process and will be used to compare the results of the more
advanced friction models. The study is only performed at room temperature since no temperature
dependency is present.

For the second study, a sensitivity analysis is performed to validate the temperature dependency for the
adapted Bergstrom van Liempt model that is introduced in the Theoretical Framework of this research
project. Also the temperature sensitivity impact for each of the frictional parameters is further examined.

The third FEM study will focus purely on the adapted Bergstrém van Liempt model with full frictional table
and provide the friction contact points together with the temperature, equivalent stress, total plastic strain
and material movement in the Y-direction for different temperature increments.

Finally, the fourth FEM study will extend on the adapted Bergstrom van Liempt model by analyzing the
temperature dependency for different workpiece roughness values together with different lubrication
thickness parameters. FEM studies are performed to analyze the frictional behavior for different
temperature variations in the two-step deep draw process.

For the FEM studies performed, the results are analyzed for temperature variations that approach the
warm-up curve, which is illustrated in section - Temperature Relation, within the deep draw process. The
temperature values of the tooling in the deep draw process is incrementally increased from 293K with
steps of 10K or 20K up to the 373K mark. The temperature values within the FEM simulations are
determined in order to be able to approximate the real life deep draw process as accurate as possible [3]

[5].

The FEM simulations are performed in MSc Marc, the general results are retrieved by a Matlab routine
that is provided in Appendix 9 — FEM Analysis — Matlab Routine. The results for each of the temperature
studies will consist of:

- Temperature development within the workpiece,
- Equivalent Cauchy stress development,

- Total equivalent strain development,

- Material displacement behavior.
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Deep Draw Process

Both the flange and the hole dimensions are used for analyzing the material flow behavior in both steps
of the deep draw process. In turn the determined behavior can be used for the validation section. For
both steps in the deep draw process, a 2D axisymmetric representation is used. The 3D overview of the
deep draw process in Figure 64 and Figure 65 is linked to the corresponding 2D representation in the
illustrations below. In the performed studies, the 2D Axisymmetric results are turned 90°.
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Figure 65 — 2D Axisymmetric conversion of different tooling represented in the FEM solver for deep draw step 2 [5]
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Study 1 - Frictional Models MSC Marc

Different frictional model are available in the MSC Marc solver, the initial study compares the results of
each frictional option to highlight their impact on the material flow behavior. The study can be seen as an
introduction to the subsequent studies where the more advanced frictional model, provided in the theory
section, will be analyzed. Each FEM study is performed for the room temperature of 293K since a
temperature dependency is not included within the models.

Within the MSC Marc solver, two idealistic categories of models are available. For most of the metal
forming simulations the Coulomb stick-slip frictional model can be used with the exception of forging
processes. For this type of process, the shearing friction model is generally used in the solver. The idealistic
models are further divided in the solver, based on different adaptations which are implemented to prevent
any numerical issues during the transition of the step function in the simulations. A more in-depth
overview of each of the available friction models is provided in.

Coulomb

For the Coulomb friction model, the arctangent, modified stick-slip and the bilinear adaptations are
available in MSC Marc. The arctangent adaptation provides a smooth transition between stick and slip
modes in the Coulomb model that is determined by the RVCNST variable that is based on the relative
velocity. The modified step function assigns the stick or slip status to individual nodes together with
additional constraints which depend on the status of the node. The bilinear model links the stick and slip
modes to reversible and permanent deformation or nodal displacement that is based on the theory of
elastoplasticity. A general overview of the Coulomb adaptations are provided in Figure 64 to highlight the
general differences.

‘Gt or ft ‘ ft ‘ ft

v Au Au
> »! »!
arctangent model stick-slip (modified step bifinear model

function) model

Figure 66 - Adaptations on the Coulomb friction model available in MSC Marc [144]

Shear

The frictional forces in the shearing friction model are based on the frictional stress which is determined
based on the equivalent stresses in the material. The available variations on the shearing frictional model
are the arctangent and the bilinear adaptations. Again, the arctangent model provides smoothing function
based on the RVCNST variable that is dependent on the relative velocity. The shear bilinear adaptation
determines the tangential friction stress as the minimum value of the normal shear stress and the
equivalent stress where the nodal shear stress is assumed to be proportional to the applied shear force.
In other words, if the friction stress stays below the flow stress of the material, the model reduces to a
simple Coulomb friction law.
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Applying the Matlab routine on the results of the FEM analysis provides the flange and the hole diameter
development for both the steps during the two-step deep draw process. The generated results are
provided in Appendix 11 — FEM Study 1 — Frictional Models and are plotted in Figure 65 and Figure 68.

FRICTIONAL MODELS - HOLE DIAMETER
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Figure 67 - Development of the hole radius for each step in the two-step deep draw process
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Figure 68 - Development of the flange radius for each step in the two-step deep draw process

As can be seen from Figure 65 and Figure 68, and when comparing with the initial values of 24 mm for
the flange diameter and 2 mm for the hole diameter, it can be concluded that:
- Instep 1, the flange diameter is subjected to greater changes compared to the hole diameter.
- Instep 2, the hole diameter is subjected to greater changes compared to the flange diameter.
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Hole diameter development

When further observing the development of the hole diameter,
it can be seen that the material flow behavior is very similar for
all frictional models with the exception of the Shear Arctangent
model.

The hole diameter of the Shear Arctangent model grows larger
during the second step in comparison to the other frictional
models. This can occur for relatively lower frictional values in the
region around the hole of the workpiece, marked - A in Figure
69, compared to the higher frictional forces the die-workpiece
contact interface, which is marked - B in Figure 69. The more
dominant friction effect at the region between the die and the
stripper plate, the more it allows for more flow of material at the
hole.

Flange diameter development

When further observing the development of the flange
diameter, again it can be seen that the material flow behavior is
very similar for all frictional models with the exception of the
Coulomb Arctangent model. This difference is mainly a shift
directly after step 1 in the deep draw process. The main
explanation can be that the frictional forces at the blankholder-
workpiece interface are more dominant over the frictional
forces at the punch-workpiece region in the Coulomb
Arctangent case compared to the other frictional models.

Frictional Models — Temperature Development

Stripper
Plate

Figure 69 - Indication of hole and flange in
Step 2 of the two-step deep draw process

An overview of the temperature development of the workpiece after each deep draw step is provided in
Appendix 11 — FEM Study 1 — Frictional Models. It can be seen that for both deep draw steps, the overall
temperature develops similar for every friction model. Very small deviations in temperature can be noted
for all friction models except for the shear arctangent model which shows temperature values of ~20K
higher, as given in Figure 70. This can concur with the results of the hole diameter development, the higher
frictional forces present in the shear arctangent model make the hole diameter grow and in return result

in a local increase of temperature.
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Coulomb Arctangent Coulomb Bilinear

Inc: 188 Inc: 180

Shear Arctangent

Inc: 249

Time: 3.5008-01 Time: 3.500e-01 Time:! 3.500e-01
336,34 336.553 353.656
332,096 332.227 M7.77
327,773 327.902 341,584
323.49 323.576 335,998
319.207 319.251 330,112
314,924 314,925 324,225
310,641 3106 318.339
306,353 306.274 312,453
302,075 301.949 306.567
297,792 297.623 300.681
293,503 293.298 294,795

Figure 70- Overview of the temperature development for different models as stated above, it can be noted that the temperature of

the Shear Arctangent model is higher compared to the other friction models

Frictional Models — Total Material Displacement Y-Direction Workpiece

An overview of the material displacement after each deep draw
step is provided in Appendix 11 — FEM Study 1 — Frictional
Models, which is illustrated as the displacement of the material
in the workpiece in the Y-direction. Comparing the main regions
of material flow or displacement in each of the frictional models
the observation is made that the differences in material behavior
of the workpiece are minimal.

Considering the displacement values of each frictional model, it
can be concluded that the largest outliers for both step 1 and
step 2 originate from the shear arctangent model.

Especially when looking at the lower material displacement in
the first drawing steps of this friction model, the lower negative
flow values result in the increase of the hole diameter which are
again confirmed in Figure 71.

Another effect can be found in the shear arctangent model when
comparing the difference in material displacement between
both deep draw steps. In the second large difference in material
displacement is observed.

Inc; 249
Time: 3.500e-01

[ | 0127882

-0.149021

-0.425905

-0.702733

-0.979671

-1.25655

-1.53344

-1.51032

-2.0872

-2.36409

-2.64007

A Hole position

Figure 71 - Material displacement in the Y-
direction after the deep draw step 1 for the
shear arctangent friction model
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Frictional models — Equivalent Cauchy Stress Development Workpiece

An overview of the equivalent Cauchy stresses in the
workpiece after each deep draw step is provided in
Appendix 11 —FEM Study 1 — Frictional Models.

It can be seen that for both steps in the deep draw
process, the overall stress development occurs at the
die-workpiece and die-punch region for every friction
model. The stress development occurs at the regions
where the workpiece is drawn over the die radius by
the punch movement into the desired cup shape as
seen in Figure 72.

Another note can be made when comparing the
maximum equivalent stress values for the friction
models. The highest stress values are measured
before unloading occurs, it shows that the shear
arctangent model displays a higher stress
development in step 2 of the deep draw process.

Figure 72 - Overview of Step 1 and 2 in the two-step deep
draw process with the high equivalent stress regions indicated

Frictional models — Total Equivalent Strain Development Workpiece

An overview of the total equivalent strain
development in the workpiece is provided in
Appendix 11 — FEM Study 1 — Frictional Models for
each step in the deep draw process.

It can be seen that for both steps in the deep draw
process, the overall strain development is similar for
each friction model. Again the maximum strain values
in step 2 of the deep draw process are higher for the
shear arctangent model compared to the other
friction models which agrees with the higher material
movement of the workpiece in the Y-direction.

In general, the higher strain values are found at the
outer radius of the drawn workpiece around the die,
workpiece and the punch region where tension
occurs in the material. This is indicated for both steps
in Figure 73.

Figure 73 - Overview of Step 1 and 2 in the two-step deep
draw process with the high equivalent stress regions indicated
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Study 2 - Temperature Induced Frictional Model

The results of the second study are based on the adapted Bergstrom van Liempt model implemented
within the MSC Marc software and outlined in the Theoretical Framework. The adapted model introduces
a temperature dependency which impacts the frictional and consequently the material behavior during
the two-step deep draw process. For each increment, the local strain, nominal contact pressure, sliding
velocity and temperature are determined in de workpiece, which are coupled to the corresponding
coefficient of friction in the four dimensional frictional look-up table.

Within the FEM solver, the corresponding friction coefficient values are used to determine the global
material flow behavior. The material flow is measured as the change in the hole and flange diameter,
which is extracted for each of the two deep draw steps via the Matlab routine that is represented in.

The results of the second study are provided in a sensitivity analysis of the frictional look-up table
parameters, which validates the robustness of the assumed frictional model. In addition the relative
impact of the material properties over the frictional behavior, which is concluded to be minimal for the
current deep draw set-up [3], is checked in the sensitivity analyses.

Sensitivity Analysis

The FEM results of the sensitivity analyses that was performed originates from variations on the adapted
model from J. Hol [6] which includes the temperature dependency in the Bergstrém van Liempt model.
The Bergstrom van Liempt model with full friction table should display a temperature dependency that
interrelates with the frictional and consequently the material flow behavior during the two-step deep draw
process.

An integral part of the adapted model and the Theoretical Framework of this research project is the
coupling between the micro-scale mechanisms, which are provided in the 4D frictional look-up table, and
the material behavior on the macro-scale, influenced by the coefficient of friction.

For the Bergstrom van Liempt model with full frictional table, the local coefficient of friction is determined
by nodal parameters in the look-up table. The micro-scale look-up table depends on: nominal contact
pressure, temperature, relative velocity and strain within the subroutine.

A sensitivity analysis was performed for the 4D frictional look-up table of the subroutine to study the
impact of each parameter on the material flow behavior. Both the individual contribution and cross-
coupled effects on the flange and hole development are provided in Figure 74 and Figure 75 below.

An additional iteration was performed for a constant coefficient of friction of 0.1 in order to validate the
design of the deep draw process itself. The deep draw process was designed to keep the temperature
induced material effects on the flow behavior as minimal as possible [3].
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Hole diameter vs Temperature
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Figure 74 - Sensitivity analysis of the hole diameter development for different temperature variations

Flange diameter vs Temperature
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Figure 75 - Sensitivity analysis of the flange diameter development for different temperature variations
When analyzing the results of the sensitivity analysis, the following main observations can be made:

- When looking at the Bergstrom van Liempt model variation with only a temperature dependent
friction coefficient - , it can be noted that the temperature parameter of the friction
accounts for ~¥80% of the total flange and hole development. The other 20% is estimated to be
caused by the strain hardening effect of the workpiece material.

- When looking at the constant coefficient of friction variation - Grey line, it can be noted that the
material behavior exercises a minimal influence on the development of the flange and hole
diameter.

- When looking at the Bergstrom van Liempt model with full frictional table - Orange line, it can be
noted that the as the temperature increases the final hole diameter decreases and the final
flange diameter increases relatively.
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Based on the theoretic framework, an initial explanation for the material
flow behavior in the adapted Bergstrom van Liempt model is that an
increase of temperature results in a decrease of the material hardening.
For the increased temperature cases compared to the original cold
forming process, under constant parameters (Pnom, &,, V), the
workpiece material will deform faster. This causes an increase in surface

When comparing the Bergstrém van Liempt model with full frictional table - Orange line with the
No Bergstrom van Liempt model - , it can be noted that the Bergstrém van Liempt model
with the full frictional table takes a lower amount of material hardening into account during the
simulations which is seen in the shift between the two lines for both figures.

When looking at the Pnom variation of the Bergstrom van Liempt model - Purple line, it can be
noted that the nominal pressure is not influenced by the temperature deviations.

contact which results in subsequent more adhesion, deformation and  Figure 76 - Material flow in the deep

shearing between the contacting interfaces.

draw process [21]

These micro-scale mechanisms translate at the macro-scale into an
increase of surface contact and thereby surface friction. The increase in
friction will oppose the material flow from the flange and hole region
during the deep draw process, which is illustrated in Figure 76.

Based on the sensitivity analysis and the theoretical framework it be concluded that for the Bergstrém van
Liempt model with full frictional table:

VL.

An increase in temperature will result in an increase of friction and a decrease in temperature will
result in a decrease of friction.

A higher amount of friction during the deep draw process results in a smaller relative change in
the final flange diameter and the final hole diameter.

Consequently, a lower amount of friction during the deep draw process results in a larger relative
change in the final flange diameter and the final hole diameter.

The Temperature dependency of the friction takes up already 80% of the total variation due to
temperature.

The remaining part of the variation is most probably coming from a strain induced effect in the
friction.

The effect of the temperature on the material behavior is almost negligible.
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Study 3 - Bergstrom van Liempt Model

The results of the temperature induced variations in the Bergstrom van Liempt model with full frictional
table are now further examined. The temperature development of both the workpiece and the tooling will
be analyzed after each step in the deep draw process. Also the flow behavior of the workpiece material is
given together with the equivalent stress and strain values of the workpiece.

Full Model - Temperature Development

Given in Appendix 13 — FEM Study 3 — Bergstrom van Liempt Model are the temperature developments
within the workpiece and the tooling after each subsequent step in the two-step deep draw process. For
the original Bergstrom van Liempt setup, temperature results are given for increments of 20 Kelvin from
293K up to 373K. Within the appendix, the temperature variations are provided for a section of the
temperature variations performed in the FEM simulations. This is mainly because the main temperature
in both the workpiece and the tooling is similar for smaller temperature increments.

The main observations for the workpiece results are:

- The higher temperatures for the deep draw process in step 1 occur at the flange (top part) and for
the redraw in step 2 at the hole (bottom part) of the workpiece material, due to amount of strain
hardening that is mainly taking place in those regions.

- Theincrease in temperature after both deep draw steps is larger compared to the incremental
temperature increase of the preheated tooling.

- The temperature increase of the workpiece diminishes for higher increments of 353K and 373K.

The higher temperatures in the workpiece can be concur with friction forces that occur at specific contact
points during the deep draw process. At these contact points, the material is drawn and stretched over
the tooling, resulting in locally elevated temperature regions, which are shown in Figure 77. The plastic
deformation of the workpiece, together with the friction at the contact interfaces, contribute to the
increase in temperature.

373 373
367.651 1 370942
362,305 d 368.885
356,954 0 366,827
351.605 364.77
346,257 362.712
340,908 360,655
335.559 358.597
330,21 356.54
324,862 354.482
519,513 352.425

Figure 77 - High temperature areas identified in the workpiece material which correspond
with high contact interfaces
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For the tooling, the results show that:

- The temperature variations in the tooling after both deep draw steps can be assumed negligible, a
maximum increase of approximately 1K is measured.

- The highest temperature increases are located at the die for the deep drawing step and at the punch
in the redraw step.

- After step 1 of the deep draw process, a region of increased temperature is noted at the ejector for
the temperature increment of 293K. For higher temperatures increments however, the heat flux
decreases at the ejector region, resulting in a relatively lower temperature compared to the other
tooling.

Inc: 125

The peak temperatures in the both the die for step 1 and the e zsesem
punch for step 2 concur with the contact locations identified in

Figure 78. The conduction of heat originates from the o Die

deformation that is occurring in the workpiece material and the .

friction at the contact interfaces. ‘ Blank
371543 Holder

When looking at the temperature behavior at the tooling, it can s0a1s

be seen that for the 293K increment, the ejector region is heated. 370,057

The main source of the heating originates from the contact
interface  with the workpiece. For higher temperatures
increments however, the heat flux decreases at the ejector
region, which occurs when the pre-heating of the tooling exceeds

369,358

368.63

367,902

Punch
the temperature of the workpiece at the contact interface, 7 Eiector
resulting in a lower temperature regions as depicted in Figure 78. 366,445

365,717

Figure 78 - Temperature decrease of the ejector
for higher temperature increments

Full Model - Frictional Contact Points

The development of the main frictional contact patches are captured during the FEM analysis. An overview
of the contact results is provided in Appendix 13 — FEM Study 3 — Bergstrém van Liempt Model for the
temperature variations of 293K, 333K and 373K.

When comparing the frictional contact results in Appendix 13 — FEM Study 3 — Bergstrém van Liempt
Model with the movement of the punch that is illustrated in Figure 79 and Figure 80, the following
observations can be made:

- The main points of contact that are established and where a high coefficient of friction is developed
are at the Worktool-Punch and Worktool-Die contact interface, which is mainly attributed by the
movement direction of the punch and the movement of the workpiece that is drawn over the die.

- The occurring regions are identified in theoretical framework as region 3-4 and 5-6 section - Deep
Drawing Process, which attribute high amounts of pressure and strain occurring in these regions.
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At the end of each different step in the two-
step deep draw process, an overview is
given together with magnified sections of
importance.

As can be seen between the results at the
starting temperature variations of 293K,
333K and 373K, minimal differences are
noted considering the positions of the
frictional contact patches with the highest
coefficient values. This is also expected due
to the constant geometrical properties that
are used.

Consequently, by applying the theory from
the adapted frictional model of J. Hol [6],
relatively high strains, tangential movement
and nominal pressures can account for an
local temperature differences and a high
coefficient of friction. These regions are
identified at the contact points in Figure 79
and Figure 80.

Blank
Holder

Stripper
Plate

Figure 79 - Overview of Step 1 in the Figure 80 - Overview of Step 2 in the
two-step deep draw process two-step deep draw process

Full Model - Material Displacement Workpiece

An overview of the material displacement after each deep draw step is provided in Appendix 13 — FEM
Study 3 — Bergstrom van Liempt Model, which is illustrated as the displacement of the material in the
workpiece in the Y-direction. The temperature differences in the Y-direction is represented for the
temperatures variations of 293K, 333K and 373K. When comparing the results for each temperature

variation, it can be noted that:

- Forthe first deep draw step, the dominant region of material displacement occurs at the outsides
of the blank towards the punch impacting the flange diameter, being a logical and wanted

outcome of a deep drawing process.

- Forthe second redraw step, the dominant region of material displacement occurs at the die region
(negative Y-displacement) together with material displacement from the center hole region
(positive Y-direction). Both regions are showed in Figure 81 and Figure 82.

- Forincreased temperatures, the inward material displacement in the outer flange region slightly
decreases and in the inner hole region slightly increases after the first deep draw steps. However,
it is also noted that in the second deep draw step, the displacement in the hole region decreases
for higher temperatures, overruling the effect of the first step. This effect is confirmed by looking
at the trend lines of the full model of Figure 74 and Figure 75 in the sensitivity analysis.
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The influence of different temperatures
on the locations of the main displacement
regions are negligible. However, the
variations in temperature do impact the Stripper
amount of material displacement. This Plate

can mainly be explained by the Bergstrom
van Liempt parameter included in the
FEM solver model which slightly reduces
the hardness of the material and the
increasing friction of material for higher

temperatures.

The reduced hardness of the material will
result in a more deformable material

which allows for increased straining. This .
effect will be determined in the strain
section. The increase in friction will result

in more resistance of the workpiece (R RRNESEE,

material to the drawing movement of the

punch. Figure 81 - Overview of Step 1 in the Figure 82 - Overview of Step 2 in the

two-step deep draw process two-step deep draw process

The combination of both effects result, for elevated temperatures, in a decrease of the final hole
diameter and an increase in the final flange diameter compared to the 293K case.

Full Model - Equivalent Cauchy Stress Development

An overview of the equivalent Cauchy stresses before and after unloading of the workpiece is provided in
Appendix 13 — FEM Study 3 — Bergstrom van Liempt Model for the temperature variations of 293K, 333K
and 373K. The main observations that are noted when comparing the results are:

- Forboth steps in the deep draw process, the overall stress development occurs at the die-workpiece
and die-punch region for every friction model.

- The highest equivalent Cauchy stress developments occur at the regions where the workpiece is
deformed when in contact with the die and the punch interface.

- The highest equivalent Cauchy stresses that develop within the workpiece decrease for higher
temperature increments.

92 |Page



The overall stress development regions within
the workpiece are similar for every FEM
simulation, this is mainly due to the process
parameters and the geometrical properties,
which are held constant for every increment.

The high equivalent Cauchy stresses that occur
within the workpiece are occurring at the places
where the material is stretched over the punch
or die radius. This is illustrated in Figure 83 and
Figure 84 and is in agreement with the
theoretical deep draw regions of section - Deep
Drawing Process.

The peak equivalent Cauchy stress values
occurring within the workpiece decrease for
higher temperatures. This is mainly due to the
contribution of the Bergstrom van Liempt
model, which reduces the hardness of the
material under higher temperatures.

Stripper
Plate

Ejector

Figure 83 - Overview of Step 1 in Figure 84 - Overview of Step 2 in
the two-step deep draw process the two-step deep draw process

Full Model - Total Equivalent Strain Development

The development of the total equivalent strain within the workpiece material is captured within the FEM
analysis. When comparing the results for the temperatures variations of 293K, 333K and 373K in Appendix
13 — FEM Study 3 — Bergstrom van Liempt Model, the following observations can be made:

- The general regions where the equivalent strain development occurs in the workpiece are similar for

the temperature variations.

- The highest total equivalent strain developments occur at the regions where the workpiece is drawn
into the desired shape over the die radius in step 1 and over the punch in step 2 of the deep draw

process

- Thehighest total equivalent strains within the workpiece decrease for higher temperature increments.

An overview of the general total equivalent strain development in
the workpiece is provided in Figure 85 for both steps in the deep

draw process.

For both steps in the deep draw process, the overall strain
development is similar for each friction model. The maximum total
equivalent strain values however decrease for increasing

temperature variations.

Figure 85 - The main contact interfaces
provided for both steps in the deep draw
process
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Study 4 - Friction Model Variations - Roughness, Lubrication

This study will compare the results of the Bergstrom van Liempt model with full frictional table for different
tribological variations, considering the impact of a different tooling roughness and lubrication thickness in
for the two-step deep draw process. The Bergstrom van Liempt variations are provided in Table 8 below.

Table 8 - Bergstrom van Liempt variations

Workpiece Roughness Lubricant Thickness Tooling Roughness
Sa [um] [g/m?] Sa [um]
0.35 2 0.02
0.35 2 0.05
0.35 7 0.02
0.35 7 0.02 Temperature dependent contact
heat transfer coefficient
0.35 7 0.05

The results of the different FEM studies, considering the impact of the workpiece roughness, lubrication
thickness and the tooling roughness, will now be discussed for with the outcomes of the Bergstrém van
Liempt model with full frictional table. First, the general impact of the roughness and lubrication variations
on the change in the flange and hole diameter development will be compared. Subsequently, the
temperature development, total displacement in the Y-direction, equivalent Cauchy stress and total
equivalent strain development in the workpiece will be further analyzed in the sections below.

The results of the variation study on the Bergstrom van Liempt model is given in Appendix 14 — FEM
Study 4 — Bergstrom Variations. A general overview of both the flange and the hole development under
different temperatures is provided in Figure 86 and Figure 87 below.

Flange diameter vs Temperature
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Figure 86 - Variation analysis of the hole diameter development for different temperature variations
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Hole diameter vs Temperature
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Figure 87 - Variation analysis of the hole diameter development for different temperature variations

When analyzing the results of the Bergstrom variations, the following main observations can be made:

- When looking at the all the variations, it can be noted that for higher temperature increments
the final hole diameter decreases and the final flange diameter increase

- When looking at overall development of both the hole and the flange diameter, it can be
observed that the variations in tool roughness the - light Blue line and , have the largest
impact on the development which seem to increase for higher temperature increments

- When comparing the development of the flange and the hole diameter, it can be noted that the
flange exhibits a relatively higher sensitivity for both the lubricant as the tool roughness
variations

- Furthermore it can be noted that the impact of the lubricant thickness variations is less dominant
compared to the impact of the tool roughness variations. This can be seen when comparing the
- , light Blue line, Grey line and dark Blue line, which have the same tool and workpiece
roughness values but a different lubricant thickness.

Besides the flange and hole diameter development within the deep draw process, also the results of the
temperature development within the workpiece, total material displacement in the Y-direction, the
equivalent Cauchy stress and the total equivalent strain are provided in Appendix 14 — FEM Study 4 —
Bergstrom Variations.

Variations — Temperature Development

The results of the temperature development within the workpiece material show very small deviations of
approximately 5K for the roughness and lubrication variations. Also all variations exhibits a similar gradual
increase in the workpiece temperature for higher temperature increments.
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Variations — Material Displacement

For the material displacement in the Y-direction, notable differences in material behavior are observed.
The main observation is that after both deep draw steps: the maximum material displacement in the flange
region (negative direction) and the hole region (positive direction) is relatively decreasing for higher
temperature increments. This concurs with the behavior noted in Figure 86 and Figure 87, which shows
that the flange increases and the hole decreases relatively for higher temperatures.

However, for the hole region this effect is reversed in the first draw step. Instead, a relative increase of
the material displacement is noted at the hole region for higher temperature increments during the first
deep draw step.

This shows that the hole diameter increases relatively during the first deep draw step for higher
temperature increments. Consequently, this behavior is amplified within the variations with higher tooling
roughness values from which it can be concluded that the contact interfaces and friction are contributing
to this effect.

Variations — Equivalent Cauchy Stress

An overview of the provided equivalent Cauchy stress development of the workpiece is provided in
Appendix 14 — FEM Study 4 — Bergstrom Variations for the temperature variations of 293K, 333K and 373K.
Again, the overall stress development occurs at the die-workpiece and die-punch region for every friction
model variation. The lowest stress values remain constant for both steps in the deep draw process and the
stress values are not affected by any lubricant or roughness variations.

The highest equivalent Cauchy stresses that develop within the workpiece are generally decreasing for
higher temperature increments. This effect is more distinct for the first deep draw step compared to the
second step. Within the second drawing step, a decreasing trend is found for higher temperature
increments up to 353K. For the increments of 363K and higher, the workpiece instead shows an increase
in the development of maximum equivalent Cauchy stresses. An explanation for the first decreasing then
increasing Cauchy stress development is that strain hardening is decreasing in the temperature region toll
353K, but for higher temperature the increased friction causes some localization in the straining, causing
a peak value to increase, despite the lower strain hardening.

Variations — Equivalent Strain Development

The strain development within the workpiece for different roughness and lubrication thickness variations
are provided in Appendix 14 — FEM Study 4 — Bergstrom Variations. In the results, a general increase of
the strain values is observed for the lower values in the workpiece. Consequently the higher strain values
in the workpiece remain constant for the first deep draw step and are generally decreasing within the
second deep draw step of the process. This effect is most notable for the higher tooling roughness
variations, which concurs with the increase of frictional forces at higher temperatures. The increase of
friction increases the resistance of material flow during the deep draw process and consequently has a
negative effect on the amount of strain development.
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Conclusion

The sensitivity of temperature induced frictional behavior was mapped within the MSC Marc solver by
implementing an adaptation on the model of J. Hol within the FEM simulations. The 4D frictional look-up
table aims towards an equilibrium between the computation time and the quality of the results. The main
goal of this project was to determine the impact of the temperature-induced friction on the workpiece in
the two-step deep draw process.

In order to be able to determine the impact of temperature on the deep draw process, first the general
parameters affecting friction on the workpiece were identified. An initial study was performed which
compared different basic frictional models available in the MSC Marc solver, for a temperature of 293K.

The results show that the flange diameter is largely influenced in the first step where the hole diameter is
largely influenced during the second step. In general, both the flange and hole diameter development is
influenced by friction which is prone to temperature changes, which stresses the need for complementary
studies with the temperature induced Bergstréom van Liempt model and the 4D frictional look-up table.

In the subsequent studies, the flange and hole diameter development were simulated for temperature
increments of 293K up to 373K, where the process is assumed to develop into a steady state. A sensitivity
was performed to check the initial assumption for the temperature sensitivity of friction, subsequently a
more in depth study of the Bergstrom van Liempt model with full friction table was performed.

The sensitivity analysis results confirm the dominance of temperature on the frictional behavior over the
influence of material properties, which is concluded to be minimal for the current deep draw set-up.

The total temperature dependency of friction alone takes up ~80% of the total variation in the
development of the flange and hole diameter. The other ~20% accounts for the strain hardening behavior
all micro-contacts of the workpiece material. This can be explained by that the increase in temperature,
results in softening of the material and an increase of surface contact between the tooling and workpiece
material. Consequently, an increase of friction increases the resistance of material flow during the deep
draw process and consequently has a negative effect on the amount of strain development.

The results of the Bergstrom van Liempt model with full frictional table show that an increase in
temperature will result in an increase of friction and a decrease in temperature will result in a decrease of
friction. Consequently, a higher amount of friction during the deep draw process results a relative decrease
of the final hole diameter and a relative increase in the final flange diameter.

A more in depth analysis of the material displacement show that for increased temperatures, the inward
material displacement in the outer flange region slightly decreases and in the inner hole region slightly
increases after the first deep draw steps. This is mainly attributed to the dominant contact points that
were identified at the die-punch interface.

Furthermore, it is also noted that in the second deep draw step, the displacement in the hole region
decreases for higher temperatures, overruling the effect of the first step. This illustrates the complex
behavior well of a tribological system with a wide arrange of different influencing parameters.
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The highest equivalent Cauchy stress developments occur at the regions where the work piece is deformed
when in contact with the die and the punch interface. Also, the highest equivalent Cauchy stresses that
develop within the workpiece decrease for higher temperature increments. This coincides with the
influence of the Bergstrom van Liempt model, lowering the workpiece material hardness for higher
temperature increments.

The highest total equivalent strain developments occur at the regions where the work piece is drawn into
the desired shape over the die radius in step 1 and over the punch in step 2 of the deep draw process. This
coincides with the identified material behavioral regions in section - Deep Drawing Process. Furthermore,
it was observed that the highest total equivalent strains within the work piece decrease for higher
temperature increments. Again, this coincides with the influence of the 4D frictional look-up table, where
higher temperatures result in higher friction values and therefore less strain.

An additional study was performed, identifying the impact of the tooling roughness and lubricant
parameters on the frictional behavior during the two-step deep draw process. It is observed that for both
the hole and the flange region, the tool roughness variations have the largest impact on the diameter
development, which increases for higher temperature increments. Also, when comparing the
development of the flange and the hole diameter, it can be noted that the flange exhibits a relatively
higher sensitivity for both the lubricant as the tool roughness variations.

Based on the theoretic framework, an explanation can be made for the obtained results of the lubrication
and roughness variations. Increasing the tooling roughness results in an increase of friction at the contact
interfaces with the work piece material. Less material movement is developed during the deep draw
process which results in a relative increase of the flange diameter and a relative decrease of the hole
diameter. Next to that, the higher temperatures cause a drop in the viscosity of the lubricant, reducing its
load carrying capacity. Higher tool roughness values, result in an increased impact of the temperature on
hole and flange diameter. The opposite effect is shown for the increase in lubricant thickness, when
applying an increased amount of lubricant between the tool-work piece contact interface, less friction is
generated during the deep draw process.

Another goal of this study was to identify the fit between the results of the FEM simulations and the real
case within the demonstrator line. Unfortunately, the original demonstrator line could not be realized.
Instead, an alternative validation was performed to check the quality of the implemented friction al model
and indirectly the provided FEM results. For this, a one-step Erichsen stretching process in the Philips
Pressto case was used, which exhibits similar workpiece deformations to the two-step deep draw process.
The obtained Pressto workpiece was scanned by the Alicona measurement system and the final outline
was compared with the final deformation in the simulated workpiece.

The validation results show that a good fit is determined between the deformation in the FEM simulation
and the real life workpiece deformation for the 323k temperature increment. On the validation results of
the Pressto case, one can state the outcomes using the ASPECT approach are exactly as expected and fit
the empirical results really well.
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In conclusion, the simulations of the modified Bergstrom van Liempt model show good results in the
prediction the frictional behavior during the warm-up period of a deep draw process. The roughness and
lubrication variations together with alternative validation add to the applicability of the FEM model in
other metal forming processes. However, a full validation is still required to completely validate the model
and enable the development of control parameters that can minimize the product variations in the warm-

up period.
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Discussion

As stated in the conclusion, the simulations of the modified Bergstrom van Liempt model show promising
results in the prediction the frictional behavior during the warm-up period of a deep draw process.
However, a full validation of the results is needed before a definitive conclusion can be given, considering
the fit with the real-life frictional behavior in the deep draw process.

Another point of attention that needs to be considered is the multi-disciplinary approach used in ASPECT
itself. Without this approach the current level of generated knowledge would not been possible, however,
this working structure stresses the need for extreme caution due to it being prone of accumulating small
assumptions over time. The many parameters that come together into FEM simulations are very
dependable on the quality of deliverables and measurement in the pre, which can lead to unwanted
behavior and fuzzy outcomes when added together.

The introduced temperature-dependent frictional model can be praised for its balance between
computability and complexity, this project showed in a way the main difference of the science and business
development point of view. Where science has a tendency to explain everything there is to find, the
business industry approaches this in a more efficient manner and is mainly focusing for the most significant
contributors. This can lead, for science, to over explanation of non-existent variables and for business can
lead to underestimation of important parameters. This research project provides a good balance between
these two doctrines and can be seen as an excellent example of having the ‘best of both worlds’.
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Appendix
Appendix 1 — Tooling Two-Step Deep Draw Process
Preprocess

Cutting die for positioning holes and the center hole of the blank [3]:

Die Close-up Product

Cutting die for separating blank from strip [3]:

Die Close-up Product
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Deep draw process
Deep draw die for forming the blank material into the desired cup shape [3]:
Step 1 — Cupping step

Die Cross section Product

Step 2 — Redrawing step [3]:

Die Cross section Product
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Appendix 2 — Adhesion Formula’s

Bowden and Tabor [93] provided a rough classification to formulate the friction of coefficient for
different contact pairs. In their research it was noted that for strong adhesion in a tribological contact
both compression and tensile stresses are present. The tensile and compressive stresses can be defined
as [93] [145]:
H=3" 0, - Compressive (65)
H={(-o,, - Tensile, where { < 3 (66)

The following approximation results in the following formula for the coefficient of friction [93] [145]:

o T (Acomp + Aten) (67)
Uadhesion H - (3Acomp IR {Aten)

From this equation, assuming T = —, we obtain the approximation for plastic isotropic materials [93]

=,
[145]:

_ 1 Acomp + Aten (68)
Hadhesion, approx = E 3Acomp — §Aten

With this approximation, a rough classification can be made based on the material properties of the
contact pairs combined with external factors that influence the adhesion. The three most notable
situations are discussed below.

Pure metals with minimal lubrication
In this situation, the A;., will become negligible due to a minimal layer of lubricant being present
between the contact surfaces will inhibit the metallic adhesion. This results in a coefficient of friction
which is characteristic for dry friction between metals under ‘normal conditions’ and can be defined as
being in the order of [89] [98] [146] [147] [145] [145]:
r (69)
Hadnesion = 3\/§ ~ 0.19

Pure metals with oxides
For this case, the adhesion force will be considered strong with a similar compressive and tensile
component present. A coefficient of friction can be approximated within the range of 0.6, for hexagonal
crystal lattices and up to 1.2, for cubic lattices. With the expression is [89] [98] [146] [147] [145] [145]:

Hadhesion = \/_15(%_() ~0.6~12, V{i=1~2 (70)
Pure metals with thin sheet of soft metal
For this situation the standard equation can be used. The clear difference in surface hardness results in a
lower friction coefficient compared to pure metals with a value of 0.1 or smaller [89] [98] [146] [147]
[145].

104 |Page



Appendix 3 — Deformation Formula’s

Ploughing - Spherical asperities
For spherical asperities, the following ploughing effects are determined [39] [93] [148]:

Load supporting area:

1
A = §7Td2 (71)

Ploughing contact area:

1
A, = ERZ(ZB — 2sin20) (72)
Which results in a coefficient of friction due to ploughing of spherical asperities:
Fadnesion P "4z 4R?\ /26 — 2sin 26 (73)
Uploughing,conical = Fy = Ay = Td? ( Td? )

Ploughing - cylindrical asperities
For the cylindrical asperities, two different cases can be distinguished which depends on whether the
contact is applied in the transvers or upright position of the cylindrical asperity [39] [93] [148].

Load supporting area:
Al,transverse = L -y/[(2R—6)-5] and Al,upright = mR? (74)

Ploughing contact area:
Az,transverse =L-5 and Al,upright =2R-6 (75)

Which results in a coefficient of friction due to ploughing of spherical asperities:

(76)
.uploughing,transverse sphere — L-
. . _ (E) (ﬁ) (77)
ﬂploughmg,uprlght sphere — ) \R
Ploughing - Conical asperities
For conical asperities, the following ploughing effects are determined [39] [93] [148]:
Load supporting area:
1
A = §7Td2 (78)
Ploughing contact area:
1 79
A, = Zdz cotd (79)
Which results in a coefficient of friction due to ploughing of conical asperities:
(80)

u Fadhesion P" "4z 2
ploughing,conical — . . -
Fy p* " Aq

—) cotd
T
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The total external energy for indenting the contact asperities in a boundary lubricated contact situation is
given by [6]:
N+N*
Zic=t (Fvi ' 82, stochastic form (&)
Fy
J. Hol [6] identifies three internal energy mechanisms, which together describe the total internal energy in
a boundary lubricated contact situation [6]:

Wept = Fy-w with w =

Wine = Wint,ab + VVint,ri + VVint,sh (82)

l. Wineap - the energy absorbed by the N + N* contacting bars which are externally crushed due
to normal loading is defined by [6]:

N+N* (83)
Wintap =By with y=AA" Z Oy k" Dz stochastic form
k=1
With:
B - The experimentally obtained Brinell hardness parameter
AA - The tool-workpiece contact area of the bars
Oy k - The yield strength of the workpiece material

To account for work-hardening effects during the crushing of asperities, the change in the yield

strength is given by fay,k(e)de. An approximation is used for computational efficiency, resulting in
[6]:

[ oyiterde = oyuce) (84)

Where the value of £ = 0 gives the initial yield strength and £=1 gives the final yield strength including
the work hardening effect.

Il. Wint ri - the energy required for material flow and raising the bars N* + N**, is given by [6]:

N N (85)
Wineri =nB-f with p=AA Z gy, Au; + gy, * Ay stochastic form
j=1 j=1
With:
n - The persistence parameter based on the amount of energy required to
lift the non-contacting asperity bars:
1n = 0 — No energy required to raise non-contacting bars
1n = 1 —Energy required to raise non-contacting bars is the as for
crushing bars
Oy, j - The yield strength of the workpiece material

Il Wint sn - the energy present between contacting bars N + N* due to shearing under a relative
motion, given by [6]:

N**
. Areal 2 ; (86)
Winesh =S¢ with Pp=(1———) ng-w - > gy, As, stochastic form
Anom j=1
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With:

S - Shear parameter, determined by the Von Mises Criterionas S = %

ng - Half the amount of surrounding bars
ng = 1—For a plain strain simulation
ng = 2 —For a 3D simulation

w - The width of a bar

As - The shearing distance

The Shearing distance can be described by a summation of the distance between a
raising bar - U;, and the neighboring crushing bar - (z — d, ) giving the relation [6]:

AS=Z—dL+UL (87)
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Appendix 4 — Material Behavior AISI 420

Tensile tests results
Measured material behavior of AISI 420 by Falex [12]:

I, Variating temperatures 20°C, 60°C, 100°C and 140°C, 180°C, 220°C
Il.  Strain rates: 0.004s,0.02s?,0.04s%,0.025%, 0.2
1"l Orientations 0°, 45°, 90°
1000 1000
500 900 -
800 — 800
_____—-—-—"““—‘1‘1 T
700 — 0] 700
T == | z
£ 600 £ s00
§ soo § soo
k- w —0_2 1/stest8
g 400 —0_21/stest12 | § 400 - - 0_21/stestd
. - - 0.21/stest13 i ——0_021/stest6
30 ——0 08 1/stest1 | | 30 - - 0_021/stest?
200 — - 0_041/stest2 | 200 0041 stestd
- - 0_041/stest5
100 —0.021/stest1a) | 100 ——0_004 1/s test10
== 0_021/stest15 - - 0_004 1/s test1l
0 I 0
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
True strain [] True strain []

Results of tensile tests at room temperature and different Results of tensile tests at 100°C and different strain rates

strain rates (0.02-0.2 1/s) [12]. (0.004-0.2 1/s) [12].
800
800
700 |
700 ——
---- E—
600 600 _’___.,«t—-_,__—_—-_——'___'.‘f;;:-__—,
—_ _ e — [ —=&T
& 500 90-T100 MPa § 500 :gg"g EEE;
= 0-T100 MPa Z —100°C (Nr9)
P 400 0-T20 MPa g 400 - - 100°C(Nr8) ||
[ —— — = 90-T20 MPa ] 140°C (Nr14)
& 300 = == = 45-T20 MPa 300 140°C(Nr15) ||
45-T100 MPa ——180°C (Nr21)
200 200 - - 180°C(Nr20) |-
—220°C (Nr26)
100 100
o 0
0 0.05 0.1 0.15 0.2 0.25 0 0.05 01 013 02
Strain [-] Strain []
Results of tensile tests at 20°C and 100°C and different Results of tensile tests at different temperatures and the
orientations at strain rate of 0.004 (1/s) [12]. strain rate 0.004 (1/s), RT: room temperature (20°C) [12].
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Calibrated Material Behavior Model
Calibrated material behavior by Falex [12]:

I Variating temperatures 20°C, 60°C, 100°C and 140°C, 180°C, 220°C
Il.  Strain rates: 0.004s?,0.02s?,0.045%,0.025%, 0.2

Calibrated numerical flow curves compared with experimental ones [12]:

800

a) Temperature effect on flow stress at a
constant strain rate.

600
5
S Temperature =[ 20 60 100 140 ]°C
;400 -1
3 at 0.004 s
n
200
experiment
—-—--model
0 1 1 1 I
0 0.05 0.1 0.15 0.2
Strain (-)
800

b) Strain rate effect on the flow stress at

room temperature.
600 1

-1
Strain rates =[ 0.004 0.02 0.040.2] s

Stress (MPa)
N
S
S

200 t
experiment
—-—--model
0 L L 1 1
0 0.05 0.1 0.15 0.2
Strain (-)
800
c) Strain rate effect on the flow stress at
100 °C.

600 4
E Strain rates = [ 0.004 0.020.2 ] s
=
=400
wn
2
75

200 t

experiment
—-—--model
0 L 1 1 1
0 0.05 0.1 0.15 0.2

Strain (-)
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Appendix 5 — Boundary Shear Tests

Boundary layer shear strength results
Measured shear strength by Falex fitted by a linear relation [13]:

- For workpiece-lubricant interfaces:

- Temperatures:

9DX+PL61, DX+PL61SE, AISI420+Castrol and
20°C, 40°C, 60°C and 80°C

Measured shear strength by Falex, fitted by a linear relation [13]:

59X+ PL61 (0.6g/m2) + 20°C

5 OX+PLE1(0.69/m2) + 40°C

5 0x + PL61 (0.6g/m2) + 60°C

5, Gx+PL61 (0.6g/m2) + 80°C

2 F)
. .
45 | BLS factor=0.18793 - 6| BLS factor=0.2876 _# J 2 5 J ]
= e § = ’ ‘ = BLS factor=0.25756 . ’ = BLS factor=0.25106 , P
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o ’ , 7’ , ’ ., ’
e v ., ’
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Cylinder-on-flat results
Measured Cylinder-on-flat results for a combination of [76]:

- Workpiece-lubricant interface:
- Temperatures:

AlSI420+Castrol lubricant and
20°C, 40°C, 60°C and 80°C

Cylinder-on-flat results of AlISI420 with the Castrol lubricant [76]:

10

7 [MPa]

7 [MPa]

AIS1420 + Castrol FST16 + cylinder + 0.6 mg
Temperature = 20°C

| BLS factor=0.13229 Jiar)
L Pis -7
f”
-
- - - .
° .
L 0.4
i

- ”

0 20 40 60 80 100 120
P om [MPa]
AIS1420 + Castrol FST16 + cylinder + 0.6 mg
Temperature = 60°C

BLS factor=0.1766

0 5 10 15 20 25

25

 [MPa]

0.5

7 [MPa]

AIS1420 + Castrol FST16 + cylinder + 0.6 mg
Temperature = 40°C

[ BLS factor=0.12815 P

5 10 15 20 25
P [MPa]

nom

AIS1420 + Castrol FST16 + cylinder + 0.6 mg
Temperature = 80°C

BLS factor=0.24098

5 10 15 20 25
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Ball-on-flat-results
Measured Ball-on-flat results of AlSI420 with the AISI420+Castrol lubricant combination for [76]:

- Temperatures:

20°C, 40°C, 60°C and 80°C

Ball-on-flat results of AlSI420 with the Castrol lubricant [76]:

7 [MPa]

7 [MPa]

AISI420 + Castrol FST16 + ball + 0.6 mg
Temperature = 20°C

[ BLS factor=0.30671 -

30 40 50 60

70

10 20
P [MPa]
AISI420 + Castrol FST16 + ball + 0.6 mg
Temperature = 60°C
| BLS factor=0.29896 1. i
10 20 30 40 50 60 70

-~ [MPa]

-~ [MPa]

AISI420 + Castrol FST16 + ball + 0.6 mg
Temperature = 40°C

BLS factor=0.3191

10 20 30 40 50 60 70
P [MPa]
nom

AlSI420 + Castrol FST16 + ball + 0.6 mg
Temperature = 80°C

BLS factor=0.31154
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Appendix 6 — Temperature Dependent Dynamic Viscosity Tests

Measured shear strength by Falex fitted by a linear relation.

- Forlubricant: Castrol lloform FST 16
- Temperatures: 20°C, 40°C, 60°C, 80°C and 100°C

Castrol lloform FST 16 lubricant
Temperature dependent dynamic viscosity of Castrol lloform FST 16 lubricant [13]:

04 Dynamic Viscosity Dynamic Viscosity
O Experimental data 031 O Experimental data
== Fit: Castrol lloform FST 16 == Fit: Castrol lloform FST 16
- ® 02r - b ®
TriboForm TriboForm
0.3 virtual tribeology virtual tribology
@ Poqt
© @
[ =8
= =z
o2t 8
o (=]
2 @
> >
c c
> >
[a) a
0.1
0 . . . . . .
o] 25 50 75 100 25 50 75 100
Temperature [°C] Temperature [°C]

. ®
TI'I bO Form Relation used to describe dynamic viscosity: Dayn =aT?- c-exp(-d-T)

virtual tribology

Castrol lloform FST 16 84.3677 1.862 0.0038724  -0.0078646 941000
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Appendix 7 — Four Dimensional Look-up Table

A general representation of the four dimensional frictional look-up table that is generated for each step
within the FEM analysis, the total table is added as a separate file. The frictional table depends on the
determined nominal contact pressure, temperature, relative velocity and strain parameters within the
subroutine. General depiction of the Triboform four dimensional frictional look-up table [149]:

...RESULT FILE FRICTIOMN EVALUATION TriMM...
Release:
Last revision:
Simulation executed:

V2.8

Explanation column data

Column
Column
Column
Column

1: Nominal contact pressure

2:
3:
4

strai
temp
vrel

n

Length_columns: 2481

Evaluated files:
INPUT/trimm/surfaces/wp A2 assembly 158x 508x500.asc
INPUT ftrimm/surfaces/tool_die 15@x 38@x308mum_skipl.asc

OUTPUT :

pressure strain

=

.08
.68
.0a
.0a
.0a
.oa
.08
.68
.0a
.0a
.0a
.oa
.08
.68
.0a
.0a
.0a
.oa

T e S Y

L I I won B v B e Y e e e R v % T T v I v R v TR v T v R % O %

.Baeee
.06667
.13333
. 20008
. 26667
.33333
.48808
.Beeee
.B6667
.13333
. 28008
. 26667
.33333
48888
.Begee
.B6667
.13333
. 20008

temp

28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28
28

vrel

=Y

33
33
33
33
33
33
66
66
66
66

.Beeea
.Beeee
. beeoe
. Begoe
. beoee
.beeee
.Beeea

.33333
.33333
.33333
.33333
.33333
.33333
.33333
.66667
.66667
.b6667
.66667

FRICTION

.83191
.B2817
.B2632
.B2558
.82492
.82457
.B2537
.B3026
.B2622
.82428
.B2332
.B82267
.B2209
.82258
.B2983
.B2581
.82393
.B2328

R0 0000000000 O

Deviations on the frictional look-up table are generated and are added as separate files:

=

TriMM_fric_original.
txt

=

TriMM_fric_Friction_
Constant_0.1.txt

TriMM_fric_Pnom_a

=

nd_Temp_Depender

=

TriMM_fric_.Pnom_D

ependent.txt

= =

TriMM_fric_Pnom_T TriMM_fric_Temp_D
emp_vrel_Dependen ependent.txt
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Appendix 8 — FEM Analysis - Dimensional Parameters

Dimensions Blank
Cutting out blank (29.5mm diameter) with a hole of 2mm in diameter

Dimensions Process — Step 1
Deep drawing step:

Die: Inner diameter of 18.36mm and a fillet radius of 2.0mm
Punch: Outer diameter of 17.7mm with a fillet radius of 2.00mm
Centering pin: Conical shape of around 60 degrees.

Ejector: Force to be controllable in range from 50 to 250N

Blank Holder: Force to be controllable in range from 250 to 450N
Drawing depth: 5mm (top die surface to top punch surface)

An overview of the dimensional properties for the deep draw process step [3]:

DeepDrawing - Force

BiankHolder

Punch,
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Dimensions Process — Step 2
Re-drawing step (with smaller diameter in reverse direction)

Die:
Outer diameter 17.60mm
Die fillet radius: same as punch fillet radius from step 1 = 2.0mm
Die inner diameter: 17.6mm-4*die filet radius = 9.6mm

Punch:
Outer diameter: Die inner diameter step 2 —2*0.33mm = 8.94mm
Punch fillet radius: 1.0mm

Centering pin: Conical shape of around 60 degrees.

Ejector: Force to be controllable in range from 50 to 250N

Blank Holder: Force to be controllable in range from 250 to 450N

Drawing depth: Flexible between 1.65 and 3.65mm (top die surface - top punch surface)

An overview of the dimensional properties for the redraw process step [3]:

© e
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Appendix 9 — FEM Analysis — Matlab Routine

General Routine:

fori=1:5

T=273+20%*i

Redraw_export.sec'])
FullUSersub(i,1) = miny

FullUSersub(i,2) = maxy

end

[miny,maxy] = get_ctq_aspect(['PH_Demo_DeformableTools_muT_' num2str(T) '\02-Redraw\02-

Additional Files :
4\ 4\

get_ctq_aspect.m get_nodal_data.m

Routine File:

4\

Routine.m

4
[y

Location_nodes.fig

4\

plot_mesh.m

4\

plot_sec.m

4\

read_sec.m
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Appendix 10 — MSC Marc Standard Frictional models

An overview of the available FEM adaptations in MSC Marc on the Coulomb frictional model is provided
below, giving an overview of each of the main formulas.

Frictional models - Equations

1. Coulomb-Bilinear friction model 2. Coulomb-Arctangent friction model

dy (do\"
0 = —pL* 0y tan~! M -t (88) f=/D—D.d_;€-<d_ﬁ) .D\-u=(D—D*)-u(89)
o RVCNST t () .2t ) t

afe dafe

The shear based friction model derives the frictional stress based on a fraction of the equivalent stress -
o in the bulk material [144]:

1. Shear-Bilinear friction model 2. Shear-Arctangent friction model
o o o
o, = min (m . an,m-—) (90) lo¢| < m+-— (Stick) and o, = —m-—"-t (Slip) (91)
V3 V3 V3
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Appendix 11 — FEM Study 1 — Frictional Models

Frictional models - Result Table
The end hole and flange development for each standard friction model variation of both steps in the
two-step deep draw process is provided below:

Results MSC Marc Frictional models

Frictional model Step 1
Hole Diameter Flange Diameter

Run 1 - Coulomb Arctangent 2.0338 24.7702
Run 2 - Coulomb Bilinear 2.0192 24.7588
Run 3 - Stick Slip 2.0194 24.7582
Run 4 - Shear Arctangent 2.0194 24.7582
Run 5 - Shear Bilinear 2.0194 24.7582

Step 2
Run 1 - Coulomb Arctangent 3.0814 24.7712
Run 2 - Coulomb Bilinear 3.0488 24.7598
Run 3 - Stick Slip 3.0286 24.7592
Run 4 - Shear Arctangent 3.4548 24.7580
Run 5 - Shear Bilinear 3.0286 24.7592
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Temperature Development Workpiece

1 - Coulomb Arctangent

Step 1
Inc: 1585 Inc: 287
Time: 3.500e-01 Time: 4.500e-01
|| 336.3¢ || 344.042
|| 332.05 || =3s.087
|| sz7.773 || =33.833
323,49 328,726
319.207 323.624
314,924 318.52
310641 3345
306,358 308.311
302,075 303,206
297,792 298.102
293,508 292.997
2 — Coulomb Bilinear
Step 1
Inc: 180 Inc: 288
Tirme: 3.500e-01 Time: 4.500e-01
|| 336553 || 343,100
|| 332227 || 33s.007
= 327.902 || 333.086
323.576 328,075
319,251 323,064
314,925 18,053
5106 313.042
306.274 —
301.949 ——
207,623 298,008
203,295 I

Step 2

Step 2
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3 — Coulomb Stick-Slip

Step 1 Step 2
Inc: 188 Inc: 29
Time: 3.500e-01 Tirne: 4.500e-01
| 336,594 || 343.614
| | 332,284 | | 338.552
| 327.933 | 333.491
323,603 328.429
319.272 323,367
314,942 318,306
310,611 313,244
306,281 308,182
0055 303.121
297,62 298,059
29329 292,997
4 — Shear Arctangent
Step 1 Step 2
Inc: 249 Inc: 306
Tirne: 3.500e-01 Tirne: 4.500e-01
L | 353.656 L | 36235
|| 34777 || 355.415
|| 341.384 || 345.48
335,995 341.544
3300112 334.609
324,225 JET 674
318339 320,739
312453 313,803
306,567 306,565
300,681 299,933
294,795 292,995
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5 —Shear Bilinear

Step 1 Step 2
Inc: 180 Inc: 290
Time: 3.500e-01 Time: 4.500e-01
|| 336.5 || 34z.253
| | 33218 | | a37.327
|| z27.86 || a3z.402
323,94 327 .47
319.22 322,551
3149 317,825
310,579 327
306,259 307.774
301,939 302,848
297.619 297,923
293,299 292,997

122 |Page



Inc; 183
Time: 3.500e-01

|| 0.051529

| {-0.199701

|| -0.48123

-0.76276

-1.04429

-1.32582

-1.60735

-1.888588

-2.17041

-2.45194

-2.73347

Inc: 180
Time: 3.500e-01

|| 0.0735319

-0.207735

-0.459002

-0.770265

-1.05154

-1.3328

-1.61407

-1.89534

-2.1766

-2.45787

-2.73914

Total Displacement Y-Direction

1 - Coulomb Arctangent

Step 1 Step 2

Inc: 287
Tirne: 4,500e-01

| 0.551556
|| 0.226908

-0.0977357

-0.422386
-0.747033
-1.07168
-1.39633
-1.72097
-2.04562
-2.37027

-2.69492

2 — Coulomb Bilinear

Step 1 Step 2

Inc: 341
Tirne: 5.000e-01

| 0.52542
|| 0.202775

| -0.119671

-0.442517

-0.785162

-1.08781

-1.41045

-1.7331

-2.08574

-2.37839

-2,70104
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3 — Coulomb Stick-Slip

Step 1 Step 2
Inc: 188 Inc: 296
Time: 3.500e-01 Time: 4.500e-01
| 0.0734539 [ 0.536755
[ -0.207791 || 0.212984
L[ -0.489066 [_[-0.110786
-0.770341 -0.434557
-1.05162 -0.758328
-1.33259 -1.0521
-1.61417 -1.40557
-1.59544 -1.72964
-2, 17672 -2.05341
-2.45799 -2.37718
-2, 73927 -2, 70095

4 — Shear Arctangent

Step 1 Step 2
Inc: 249 Inc: 306
Time: 3.500e-01 Time: 4.500e-01
| 0.1z7a62 || 0.739092
| -0.149021 || 0.395045
-0.425905 | 0.0509973
-0.702758 -0.29305
-0.979671 -0.637097
-1.25655 -0.961144
-1.53344 -1.32519
-1.81032 -1.665924
-2.0872 -2.01329
-2.36409 -2.35733
-2.64097 -2.70138
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Inc: 180
Tirne: 3,500e-01

| 0.0735778

|| -0.2077z26

[ | -D.489029

-0.770333

-1.05164

-1.33294

-1.61424

-1.89555

-2.17685

-2.45815

-2,73946

Step 1

5 —Shear Bilinear

Inc: 290
Time: 4.500e-01

[ | 0.524742
[ | 0.202175

[ | -0.120393

-0.442961

-0,765529

-1.0881

-1.41086

-1.73323

-2.0558

-2,37837

-2,70093

Step 2
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Equivalent Cauchy Stress Development Workpiece

1 - Coulomb Arctangent
Step 1 Step 2

Inc: 188 Inc: 287
Time: 3.500e-01 Time: 4.500e-01

| 738.219 | 77z.zz1
|| 690,599 || 695.029
|| &42.979 || 617.838
595,359 540,647
547,739 463,456
500,119 386,265
452,499 309.074
404,679 231.883
357.259 154,692
309.639 775009
262.019 0.309865

2 — Coulomb Bilinear
Step 1 Step 2

Inc: 180 Inc: 283
Time: 3.500e-01 Time: 4 500e-01

[ | 738,376 | 770.285

[ | 684,699 || 693.245

[ | 631.023 | 616,206
577,346 539.167
523.67 462.128
469,993 385.088
416,317 308.049
362.64 231.01
308,953 153.971
255.287 76.9316
201.61 -0.107632
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3 — Coulomb Stick-Slip

Step 1 Step 2
Inc: 185 Inc: 296
Time: 3.500e-01 Time: 4.500e-01
L | 738.336 L | 770,516
| | 6&7.282 | | 6o3.497
|| 636,228 || 616.477
585,174 539.457
534.12 462,435
453,066 385,415
432.012 308,399
380,955 231,379
329,904 154,36
278,85 77,5401
227796 0,320599

4 — Shear Arctangent

Step 1 Step 2
Inc: 249 Inc: 306
Time: 3.500e-01 Time: 4.500e-01
| | 7a7.767 || 700,825
|| 685.659 || 7i1.256
|| 633.551 || 631.657
581,443 552,118
529.336 472.549
477228 392,98
425,12 313.411
373.012 233.842
320,904 154,273
268,797 74,7036
216,689 -4.86545
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Inc:

Time:

130
3.500e-01

38,377

634,08

620,754

575,487

521.19

466,594

412,597

358.3

304,003

249,707

195.41

Step 1

5 —Shear Bilinear

Inc: 290
Time: 4.500e-01

|| 768,977
|| 692,109

615.242

538,375

461,507

354,64

307773

230,905

154,035

TR0

0,303375

Step 2
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Total Equivalent Strain Development Workpiece

1 - Coulomb Arctangent
Step 1 Step 2

Inc: 531
Tirne: 7.000e-01

Inc: 423
Time: 5.600e+00

|| 0296385
[ 0.437079
|| 0.,267075
| | o397z
L | 0.2377es
| 0.357361
0.205454
0.317502
0,179144
0.277643
0.149534
0.237784
0,120523
0,197925
0091213
0.155066
0,0619027
0.115207
0.0325924
00753474
0.00325211
0.0384883
2 — Coulomb Bilinear
Step 1 Step 2
Inc: 416 Inc: 533
Time: 5.600e+00 Time: 7.000e-01
| 0.29658 || 042724
|| 0267309 || 0.338708
L | 0237758 || 0.350173
0,203207 0.311639
0,178655 0,273106
0,149104 0.234572
0,119553 0,196039
0,0900016 0.157506
0,0604504 0,118972
0,0302991 0,0304367
0.0013479 0.0419052
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Inc:
Tirne

Inc:
Tire: 3.500e-01

414

1 6.000s-01

0, 296766

0,267224

0.237683

0,205141

0175599

0.149057

0.119515

0,0399736

0,0604319

0.0305901

0,001 34827

249

0.294997

0.266541

0238654

0.210528

0,182371

0.154214

0.126058

0,0973013

0.0697447

0.0415552

0.0134316

Step 1

Step 1

3 — Coulomb Stick-Slip

Inc:
Tirne: 4,5002-01

296

0425477

0.359541

0.351206

0.31257

0.273935

0.235299

0. 196664

0.1585028

0.119393

00507575

0.0421z2

4 —Shear Arctangent

Inc:

Time: 7.000e-01

553

0.550975

0.499553

0.4458755

0.397693

0.346595

0.295503

0,244407

0.193312

0142217

0.0911219

0.0400268

Step 2

Step 2
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Inc:
Time

415

+ 5.600e+00

0.296566

|| 0.267315

0.237765

0.208215

0.178664

0.149114

0.119564

0.0900134

0.0604631

0.0309128

0.00136245

Step 1

5 —Shear Bilinear

Inc: 534
Time: 7.000e-01

[ | 0420603
[ | 0382771
[ | 0344939

0.307107

0.269275

0231442

019361

0.155775

0117946

00501135

00422813

Step 2
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Appendix 12 — FEM Study 2 — Sensitivity Analysis
The end hole and flange development (at the end of step 2) for each variation in the sensitivity analyses
of the two-step deep draw process is provided below:

Bergstrom van Liempt, u=LUP(Pnom,T,ep,Vrel)

Temperature [K] Hole Diameter [mm] Flange Diameter [mm]
293 4.250 25.203
303 4.235 25.205
313 4.211 25.206
323 4.186 25.208
333 4.161 25.210
343 4.126 25.212
353 4.076 25.214
363 4.018 25.217
373 3.957 25.219

No Bergstrom-Van Liempt, p=LUP(Pnom,T,ep,Vrel)

Temperature [K] Hole Diameter [mm] Flange Diameter [mm]
293 4.199 25.187
303 4.176 25.189
313 4.144 25.191
323 4.126 25.194
333 4.100 25.196
343 4.055 25.199
353 3.995 25.202
363 3.935 25.205
373 3.871 25.208

Bergstrom-Van Liempt, p=0.1

Temperature [K] Hole Diameter [mm] Flange Diameter [mm]
293 4.242 25.217
313 4.248 25.215
333 4.254 25.214
353 4.256 25.213
373 4.261 25.211

Bergstrom-Van Liempt, p=LUP(Pnom)

Temperature [K] Hole Diameter [mm] Flange Diameter [mm]
293 4.318 25.196
313 4.322 25.195
333 4.327 25.194
353 4.337 25.193
373 4.345 25.191
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Bergstrom-Van Liempt, pu=LUP(T)

Temperature [K] Hole Diameter [mm] Flange Diameter [mm]
293 4.304 25.189
313 4.266 25.192
333 4.210 25.195
353 4.147 25.200
373 4.077 25.205

Bergstrom-Van Liempt, u=LUP(Pnom,T)

Temperature [K] Hole Diameter [mm] Flange Diameter [mm]
293 4.315 25.189
313 4.276 25.192
333 4217 25.196
353 4.158 25.201
373 4.088 25.206
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Appendix 13 — FEM Study 3 — Bergstrom van Liempt Model
Original Parameters - SaS0.7um_Lub7gm2_SaT0.02um

Temperature Development Workpiece

293K
Step 1 Step 2

Inc: 0 Inc: 608

Time: 0.000e+00 Tirne: 7.000e-01

L | 312,135 [ | 339.499

| 310,911 || 336,392

| 309.686 [ | 333.284
308,462 330,178
307.237 327.063
306,013 32396
304,788 320,852
303,563 317.744
302,339 314,630
301.114 311.528
299,509 30342

313K
Step 1 Step 2

Inc: 0 Inc: 597

Time: 0.000&+00 Time: 7.000e-01
322,586 357.028
321.568 353,425
320,549 349.824
319.531 346,223
318,513 342,622
317,495 339.021
316,477 33542
315458 331.819
314,44 328218
313 422 324,617
312,404 3z1.016
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Inc:

1]

Time: 0.000e+00

333,031

I3z 129

F3l.z227

330,324

329,422

328.52

327.617

326,715

325,813

324,91

324,005

Inc: 0
Time: 0.000e+00

343,679

|| 342,647

342,015

341,183

340,351

339,519

338.688

337.856

337024

336,192

335,36

Step 1

Step 1

333K

353K

Inc:

597
Time: 7.000e-01

373,205

369,099

364,992

360,885

356,778

352,671

348,564

344,458

340,351

336,244

332,137

Inc;

Time: 6.500e-01

544

391,243

| 386,405

381,566

30727

371.889

367.05

362,211

357,372

352,534

347,695

342,856

Step 2

Step 2
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373K

Step 1 Step 2

Inc: O Inc: 593

Time: 0.000e+00 Time: 7.000e-01

|| 354.213 | 404.433

|| 353.405 | 399.3585

| | 352.597 | 394.2585
351.788 389,19
350,98 354,093
350,172 378,995
349,364 373,898
348.555 365.5
347.747 363,703
346,939 358.606
346,131 353.508
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Temperature Development Tooling
293K - Step 1

793.053

293.048

793.043

293.037

293.032

293.027

293.021

293.016

293.011

293.005

293

293K - Step 2

254,385
294219
234084
25399
293813
233677
a5
253,406
233271

203,138

313K - Step 1

312.989

312,982

312,976

312.97

312,983

312,957

312,85

312,944

312,937
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313K -Step 2

314,151
314,036
313.921
313,506
313,691
313.576
31346

313,345

313118

313

333K-Step 1

333

332.982

332.965

332.947

332.929

332911

332.894

F32.876

332.858

332.84

332.823

333K - Step 2

333,959
333.86

333.762
333.664
333,565
333,467
333,368
333.27

333171

333.073

332,975
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353.778

353.602

353,607

353,521

353.436

353,35

353,265

353.18

353,094

353,009

352,923

373

372.96

Fre.0z

372879

372.839

372.799

372759

372718

372.678

372,638

F72.598

353K-Step 1

353K - Step 2

iy
11

373K - Step 1
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373,595

37352

373,494

373,389

373.293

373,218

373,142

373,067

372,991

372,916

372,841

373 K-Step 2
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Inc:

Time: 3.500e-01

Inc: 187
Time: 3,500e-01

0.0806641

00725977

0.0645312

0.0584648

0.0483984

0.040332

0.0322656

0.0241992

0.0181328

0.00806641

187

§.066e-02

7.260e-02

6.453e-02

Sod0e-02

4. 54 0e-02

+4.033e-02

3.227e-02

2.420e-02

1.613e-02

&.066e-03

0.000e-+00

Frictional Contact Workpiece — Tooling
293 K
Step 1

Inc 187
Time: 3.500e-01

0.0806641

0.0725977

0.0645312

0.0564646

0.0463984

0.040332

0.0322656

0.0241992

0.0161326

0.00806641

Ine: 163

Tios: 3,2000-01

00663525

0.0601673

o5z

0046768

D.04011S

0.0334263

D.0zE741

0.0200558

0.0133705

0.00688525

0
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293 K
Step 2

Inc 282
Time: +125e-01

Inc: 282
0.0708514 Time: 4.125e-01
0.0638025
0.0567132 ]
0.043624
| | 0.0705914
0.0425348
0.0354457
| | 0.0638023
0.0283566.
0.0212874
|| 0.0567132
00141785
0.00708814
0.04%624
0
0.0425349
0.0354457
Inc: 282
Tine: 4.125e-01
0.0253566
0.070891%
0.0212674
0.0638023
puaseriz 0.0141763
0.049624
0.0425348 0.00705914
0.0354457
0
0.0253566
0.0212674
0.0141783
0.00708314
o

0.0708914

0.0638023
0.0567132
0.049624

0.0425349
0.0354457
0.0283566
0.0212674
0.0141783

0.00708914
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333K
Step 1

nc 192
Time: 3.5008-01

Inc: 192
Time: 3.500e-01

0112636
0.101372
|| 0112636 0.0901085
00785443
|| 01013572
00675814
0.0901085 0.0563178
00450542
0.0755449
00337307
0.0225271
0.0675814
0.0112636
0.0563178
0.0450542
0.0337907
0.0225271
0.0112636
o]
Inc 192
Time: 3.500e-01
0.112638
0101372
Inc: 192 0.0801085
Time: 3.500e-01
0.0788443
0.0675814
0.112636 0.0563175
0.0450542
0.101372
0.0337907
0,090108%
0.0225271
0.0783449 0.0112636
o
0.0675514
00563178
0.0450542
0,0337907
0.0225271
0.0112636
o
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333K
Step 2

Inc: 314
Time: 4,.500e-01

0.208394
0.205394
0.167555
0.166715 0.187555 | |
0.145876
0.125087 0.166715 |
0.104197
0.145875
0.0833577
0.0625183
0.125037
0.046789
0.0208394 0.104197
0
0.0533577
0.0625183
0.0416759
0.0205394
Inct 314
Time: 4.500e-01
u]

0.208304

0.187555

0166715

0.145876

0.125037

0.104197

00833577

0.0625153

0.0416789

00208394

0.208394

0,187555
0.166715
0,145876
0,125037
0,104197
0,0333577
0.0625183
0.0416789

0.0208394
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373K
Step 1

Inc: 203

Inc: 203
Time: 3.500e-01 Time: 3.500e-01
0.163567
[ | 0.15635a7 0.14721
0,130853
| 014721
0.114457
[ | 0.130553 0.09914
0.0817833
0.114497
0.0654267
0.09814 0.04807
0.0327133
0.05817333
0.0163567
00554267
0.04907 Inc: 203
' Time: 3.5008-01
0.0327133
0.163567
0.0163567 0.14721
o 0.130853
0.114497
0.09814
0.0817833
0.0654287
0.04907
Inc: 203
Tirng: 3.500e-01 0.0327133
0.0163567
0163567 a
0.14721
0130853
0.114497
0.09814
0.0817333
0.0654267
0.04907
0.0327133
00163567
0
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373K
Step 2

Inci 315
Time: 4.500e-01

0.272347
0.245112 0.272347 ||
0.217875
o.z4s11z ||
0190643
0217678 ||
0163408
0.136174 0.190643
0.108939
0.165405
0,0817042
0.0544694 0.136174
0,0272347
0.105939
o
0.0517042
0.0544594
0.0272347
a

0.272347
0.245112
0.217878
0.190643
0.163408
0.136174
0.108939
0.0517042
0.0544694

0.0272347
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Inc: 0

Time; 0,000e+00

|| 0.0899181

[ [-D.1B4242

[ [-0.433403

-0.692563

-0,946724

-1.20083

-1.45504

-1.70921

-1.96337

-2.21753

-2.47169

Inc: 603

Time: 7.000e-01

L | 112967

|| 0.769734

|| 0.400793

0.0498517

-0,310089

-0.67003

-1.02997

-1.38991

-1.74985

-Z2,10979

-2.46074

293K
Step 1

293K
Step 2

Total Displacement Y-Direction Workpiece

333K
Step 1

Inc: 0
Time: 0,000&+00

[ | 0.0719035
[|-0.1582096

| |-0.436096

-0,690095

-0,944095

-1.19609

-1.45209

-1.70609

-1.96009

-2.21409

-2,46809

—

333K
Step 2

Inc: 597
Time: 7.000e-01

| 1.0549%5
|| 0.729862

| 0.374749

0.0196357

-0,335477

-0.690591

-1.0457

-1.40082

-1,75593

-Z.11104

-2.46616

373K
Step 1

Inc: O
Time: 0.000e+00

0.0737738
[ |-0.179962

[ |-0.433698

-0.687433

-0.941169

-1.1949

-1.44864

-1,70238

-1.95611

-2,20935

-2.46358

373K
Step 2

Inc; 593
Time: 7.000e-01

0.962406
|| 0.638003

|| 0.293599

-0.0508047
-0,395208
-0.739612
-1.08402
-1.42842
-1.77zEz
-2 11723

-2.46163
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Equivalent Cauchy Stress Development Workpiece

Step 1 — Before Unloading

Inc: 157
Time: 3.500e-01

Inc:

Time:

|| 932,720

|| 745,795

875,939

785.345

700.752

613,159

525.565

437.972

350,379

262,785

175,192

87,5986

0.00527195

Step 2 — Before Unloading

315
4.500e-01

§39.262

B52.328

556,861

465,394

371987

154,993

91,5261

246,451
163,766
a1.0804
-1.94083
-1.60474

293 K
Step 1 — After Unloading

Inc 0
Time: 0,000e+00

763,475

637,271

611,067

534.862
455,658
362,454
306,25

230,045
153.841
F7.6369

1.43265

Step 2 — After Unloading

Inc: 603
Tirme: 7.000e-01

|| 825.247
742,561

|| 659.576

577.191
494,506
411,821

320,136
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333K
Step 1 — Before Unloading

861,147

775,033

602,807

516.694

344,467
253,354
172,241
86,1274

0.0141191

Step 2 — Before Unloading

Inc: 314
Tirme: 4,500e-01

915,422
| | az3.667

731,813

640,158

548,404

456,649

364,895

181.386

89,6311

-2 12341

Step 1 — After Unloading

Inc; 0
Time: 0.000e+00

[ | 752,561
|| 677.418

602,256

527.094
451,932
376,769
301607
226,445
151.282
761201

0.957823

Step 2 — After Unloading

Inc: 597
Time: 7.000e-01

| 805.736

L | 72501

| | 644,285

563,559
462,634
402,108
321.382
240,657
159,931
79,2056

-1.51999
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373K
Step 1 — Before Unloading

847.021

677,619

592,915
508.217
423.516
338.815
254,113
169,412
4,711z

0.0101229

Step 2 — Before Unloading

Inc: 315
Tirne:; 4,500e-01

897,827
807.799

7172

B27.744

537.716

447,688

Z67.632

177,604

&7.5766

-2.45127

Inc;

Time:

Inc:

o

Step 1 — After Unloading

0.000e-+00

|| 739,608

|| 665,845

|| 591.902

518,139

444,287

370,434

296,551

222,728

148,875

75.0224

1.1695

593

Step 2 — After Unloading

Time: 7.000e-01

822,562

|| 740,153

|| 657745

575,337

492,929

410,521

328,113

245,705

163,297

80,8592

-1.5188
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Total Equivalent Strain Development Workpiece

293 K 333K 373K
Step 1 Step 1 Step 1
Inc: 0 Inc: 0 Inc: 0
Time: 0.000&+00 Time: 0.000e-+00 Time: 0,000e-+00
|| 0.277694 || 0.277654 || o.27resz
| | 0.250164 || o.250168 || 0.250203
L | 0.z22e34 L | o.zzze83 0.222755
0.195104 0.195197 0.195307
0,167574 0167711 0,167559
0140044 0.140225 0.140411
0.112514 0.112733 0.112952
0.0843536 0.0852534 0.055514
0.0574536 0.0577676 0.0580858
0.0293237 0.0302515 0.0306176
0.00239367 0.00279595 10.0031 5953
293 K 333K 373K
Step 2 Step 2 Step 2
Inc: 608 Inc: 597 Inc: 315
Time: 7.000e-01 Time: 7.0008-01

Time: 4.500e-01

| 0755378 (— 0733199 || 082464
| | oes302 || D.684179 | | o.619019
| | 0612462 | 0.595158 || 0.555574
0541005 0.526138 0492129
0,460547 0.457118 0428584
0,396089 0.3660%5 0.365239
0,326631 0.319078 0.300794
0255173 0.250058 0236349
0183715 0181038 0.174904
0112257 0112018 0111459
0.0407995 23573 0.0480142
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Inc: O
Time: 0.000=+00

311,249

310.043

308,547

307,645

306,444

305.243

304,042

302.841

301.64

300,439

209,237

Inc: 595
Time: 7.000e-01

345.069

341,291

337.513

333735

329.958

326,18

322,402

318.624

314.846

311,069

307.291

293K
Step 1

293 K
Step 2

Appendix 14 — FEM Study 4 — Bergstrom Variations

SaS0.35um_Lub2gm?2_SaT0.02um
Temperature Development Workpiece

Inc: 0

Time: 0.000e-+00

| 335.727

334.804

333.88

332,957

332,033

33111

330,186

329.262

328.339

327415

326,492

Inc:

Time: 7.000e-01

591

378,694

374,287

369,881

365,474

361,067

356,66

352,254

347,847

34344

339.033

334,627

333K
Step 1

Inc: O
Tire: 0.000e+00

360,323
399,512
358,702
357,691
357.081
356,27

355,459
354,649
353,835
353.028
352.217

333K
Step 2

Inc: 590
Time: 7.000e-01

410,185
405,116
400.043
394.971
389,895
384,826
379.753
374681
369.608
364,536
359.464

373K
Step 1

373K
Step 2
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Inc: 0
Time: 0.000e+00

|| 0.0714846
[_|-0.182378

|_|-0.436241

-0,690104

-0.943367

-1.19783

-1.45169

-1.70556

-1.95942

-2.21328

-2.46715

Inc: 595
Tirne: 7.000e-01

| 11273

| 0.763045

|| 0.408801

0.0435533

-0.309694

-0.6653941

-1.02819

-1.35744

-1.74668

-2.10593

-2.46518

—

293K
Step 1

293K
Step 2

Total Displacement Y-Direction

Inc: 0
Time: 0.000e+00

[ | 0.0746975

|_|-0.178969

-0.432635

-0.686301

-0.939967

-1.19363

-1.4473

-1,70097

-1.95463

-2,2083

-2.46196

Inc: 591
Time: 7.000e-01

| 108238

0.728103

[ | 0.373366

0.0196241

-0,334618

-0.65356

-1.0431

-1,39734

-1,75159

-2,10583

-Z.46007

333K
Step 1

333K
Step 2

373K
Step 1

Inc: O
Timne: 0.000e+00

| 0.0776685
-0,175655

| [-0.425379

-0,652302

-0,935628

-1.18395

-1,44227

-1.6956

-1,94892

-2.20224

-2,45557

——

373K
Step 2

Inc: 590
Time: 7.000e-01

|| 0946452
|| 0.608451

0.26645

-0.0735513
-0,413553
-0,753554
-1.09356
-1.433596
-1,77356
-2,11356

-2,45356
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Inc:

Time: 0,000e+00

Inc:

Time: 7.000e-01

a

| 771.08

|| e94.283

617,485

540,688

463,891

367,094

310,296

233.499

156,702

79.9046

310732

595

|| 826695

|| 743.787

B60.93

576.072

495,214

412,356

329.493

246,64

163,783

80,9243

-1,93306

293K
Step 1

293 K
Step 2

Equivalent Cauchy Stress Development
333K
Step 1

Inc: O
Tirne:; 0,000e+00

|| 758.501
|| 683.175

|| s07.76

532,345
456,93

381.515
306,099
230,684
155,269
79,8537

4.43851

333K
Step 2

Inc: 591

Time: ¥.000e-01
|| so6.678
[ | 725902

644,926

563,95

452,974

401,993

3z1.022

240,047

159.071

78,0946

-2.88137

373K
Step 1

Inc: 0
Time: 0.000e+00

| 745,79
|| 671,635

| 597.476

523.316
449,156
374,995
300,838
226,675
152.515
74,3953

4,19521

373K
Step 2

Inc: 590
Time: 7.000e-01

848,518

763,421

|| 678324

593,227
508.13

423,033
337,936
252,839
167,741
82,6444

-2.45262
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Equivalent Strain Development

Step 1
Inc: 0 Inc: 0O
Time: 0.000e+00 Time: 0.000e+00
|| 0270502 | 0-&7976s
| | 0251062 || 0252194
- || 0224621
0,187047
0.196702
0.163473
0,169073
0,141899
0,141443
0.114325
0.113813
0.0867508
0.0861835
0.0591769
0,0565538
0.0316029
0.0305241
0,00402859
0.00329437
Step 2
Inc: 595 Inc: 591
Time: 7.000e-01 Time: 7.000e-01
| 0.753198 0.731864
|| 0.691998 0,663063
|| o.s10795 0.594302
0,539593 0525521
0,468391 0.45674
0.33719 0,357959
0.325986 0319178
0.254786 0.250297
0.183554 0181615
0.112383 0.112834
b.0411808 0.0440533

333K
Step 1

333K
Step 2

Inc:
Tirne

Inc:
Time: 7.000e-01

a

¢ 0.000e+00

0.280156

0.252611

0,225066

0.197521

0.169976

0.142431

0,114836

0,057 3407

0.0597957

0.0322506

0.00470554

590

0.66459

0.603252

|| o.541913

0.480575

0.419237

0.357598

0.29656

0.235222

0.173333

0.112545

0.0512068

373K
Step 1

373K
Step 2
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293K
Step 1

Inc: 0

Time:

Inc:

Time:

0.000e-+00

311.356

310,319

309,287
305.245
307,207
306,17

305,133
304,096
303,059
302,022

300,985

293 K
Step 2

596
7.000e-01

345,483
341.681
337.58

334.079
330,278
326,476
322,675
318,874
315.072
311.271

307.47

SaS0.35um_Lub2gm?2_SaT0.05um
Temperature Development Workpiece

Inc: 0

Time:

0.000&-+00

335,947

335.012

334.077

333.142

332,207

331272

330,337

329.403

328,468

327.533

326,598

Inc:

Time: 7.000-01

595

378,373

374,019

369.664

365,31

360,955

356,601

352,247

347,892

343,538

339,183

334829

333K
Step 1

333K
Step 2

Inc:

Tirme: 0.000e+00

Inc:

Time: 7.000e-01

)

360,706

353,896

359.087

358,278

357.469

356,659

355.85

355,041

354.231

383422

392,613

606

403,975

|| 401362

|| 39875

392,137

387.524

aseelz

376.299

373.687

369.074

364,461

359,849

373K
Step 1

373K
Step 2
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Inc: D
Time: 0.000e+00

[ | 0.0721007

-0.181325

-0,43475

-0.688176

-0,941601

-1,19503

-1.44345

-1.70188

-1,9553

-2,20873

-2.46215

Inc: 596
Time: 7.000e-01

| 1.10754

|| 0.751036

| 0394229

0.0374223

-0,319365

-0.676192

-1.033

-1,38981

-1.74661

-2.10342

-2 46023

293K
Step 1

293K
Step 2

Total Displacement Y-Direction

Inc: O

Time: 0.000=+00

[ | 0.0753763

[|-0.1778%

[ |-0.431077

-0.654304

-0.937531

-1.19076

-1.44393

-1.69721

-1.95044

-2, 20366

-2.45689

Inc: 595
Tirme: 7.000e-01

| 1.05693

|| 0.705745

|| D.354562

0.00337927

-0,347804

-0,698987

-1,05017

-1.40135

-1.75254

-2,10372

-2.4549

333K
Step 1

333K
Step 2

Inc: 0

Time: 0,000e+00

[ | 0.0735466

L_|-D.174266

| -0.427078

-0.67989

-0.932702

-1.18551

-1.43833

-1.69114

-1.94395

-2.19676

-2.44957

Inc: 606

Time: 7.000e-01

0.616168

[ D.489807

[ D.163445

-0.162915

-0.489276

-0.515636

-l.14z

-1.46836

-1.79472

-2 12106

244744

373K
Step 1

373K
Step 2
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Equivalent Cauchy Stress Development

293K 333K 373K
Step 1 Step 1 Step 1
SSR—— e o
|| 77z.699 || 756946 || 745.93
|| 695.662 | | 6a1.666 || 671.647
[ | 619,025 | | eos.386 [ | 597.365
542.185 531.105 523.082
465,351 455,875 448.799
388.513 350,545 374.517
A11L676 205,265 300.234
234,839 229.984 225,951
158.002 154.704 151.669
§1.1651 79,4236 77586
4,32737 414336 3.10333
293K 333K 373K
Step 2 Step 2 Step 2
Inc: 596 606

Time: 7,0008-01 Inc: 595 'I[TI;E 7.000e-01
Time: 7.000e-01

|| 829555 S £98.551

|| 7465378 B £28.39

|| ee3.19 P 558.24
580.016 75,305 485,085
496,837 403,753 417.93
413,657 410,112 347.775
330,475 327.47 277.62
247,208 244,828 207.465
164.118 162,186 137,300
50,9357 79,5441 67.1543
-2.24088 -3.00779 -3.0008
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Equivalent Strain Development

293K
Step 1

Inc: 0 [ne:

Time: 0.000s+00 Time

0.279863

0.252223 —

0.224575 —

0.196933
0.169255
0.141642
0.113997
0.0863515
0.0587066
0.0310613

0.00341603

293K
Step 2

Inc: 596

333K
Step 1

a

¢ 0.000e+00
[ | 0.279971
0,252389
0,224806
0.197223
0.16964
0.142057
0.114475
0.0868918
0.059309
0.0317262
0,00414343

333K
Step 2

595

Inc:

Time: 7.000e-01 Tirme: 7.000e-01
0.743087 0719552
0.673775 0652072
0.60GSEH 0.584551
0.533393 0517111
f.463201 0.449631
0.39301 0392151
0.322818 031967
0.252627 024719
0.162436 017971
0.112244 01iezs
F— 00447494

373K
Step 1
Tlme D 000e+00

0.280515

0.25295

0,225384

0.197818

0.170252

0,142686

0.11512

0.0875545

0,05993586

0.0324228

0.00485694
373K
Step 2

Inc: 606
Time: 7.000e-01

0.595675
0.541835
0.433095
0.434306
0.380516
0.326726
0.272937
0.219147
0.165357
0.111568
0.0577775
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SaS0.35um_Lub7gm2_SaT0.02um
Temperature Development Workpiece

293K 333K 373K
Step 1 Step 1 Step 1
e o Inc: O
Inc O : L
Time: 0.0006-+00 Time: 0.0008+00 Time: 0.000¢-+00
311,18 || as.eer || 360.278
|| a09.081 || as4.758 || 350.468
|| soa7ez || =538 || 3s8.651
a07.563 32019 357,838
06,365 31,009 357,024
305,188 31,08 356.211
303987 330,16 355,395
302,789 29,24 354,554
301,59 328,321 383,771
300,391 327401 352,957
709,102 26482 352,144
293 K 333K 373K
Step 2 Step 2 Step 2
Inc: 590
- Inc; 593 Time: 7.000s-01

Time: 7,0008-01 Time: 7.0008-01
345,338 J— | 410,071
341,524 7438 || 405.006
337.71 369,958 || 399.941
333,895 365,536 399875
330,081 361,114 389.81
326,266 356,602 384.744
322,452 382,27 379.679
318,638 47,848 374,614
314,823
3428 363,548
311,009 339,004
364,483
307,194 334,581
359,415
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Inc: O
Time: 0.000e+00

|| o.0709784

| |-0.182981

[ |-0.436941

-0.6909

-0.94486

-1.19582

-1.45278

-1.70674

-1.9607

-2.Z1466

-2, 46862

O

Inc: 600
Time: 7.000e-01

|| 113581

0.775566

| 0.41532

0.0850735

-0.305173

-0.665419

-1.02567

-1,36591

-1.74616

-2.1064

-2,46665

293K
Step 1

293K
Step 2

Total Displacement Y-Direction

Inc: 0
Time: 0.000e-+00

|| 0.0742095

[ |-0.179554

[|-0.433313

-0.657081

-0.940845

-1.19461

-1.44837

-1.70214

-1.9559

-2.20966

-2.46343

Inc: 593
Time: 7.000e-01

| 1.084838

|| 0730238

| | 0375508

0.0209585

-0,333681

-0,688321

-1.04296

-1.3976

-1.75224

-2.10633

-2.46152

-

333K
Step 1

333K
Step 2

373K
Step 1

Inc: 0

Time: 0.000e+00
[ | 0.0773904
[ |-0.176002

[|-0.429394

-0.682786

-0,936178

-1,18957

-1.44296

-1.69636

-1,94975

-2,20314

-2.45653

373K
Step 2

Inc: 590
Time: 7.000e-01

| 0.959151

|| 0617783

0.276414

-0.0649547
-0,406323
-0,747692
-1.08906
-1.43043
-1.7718
-2.11317

245454
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Equivalent Cauchy Stress Development

Step 1 Step 1 Step 1
Inc: 0 Inci 0 Inc: O
Time: 0.0008-+00 Tirne: 00002400 Time: 0,0002+00
|| 77z.008 I 759173 || 745,422
|| 694,753 || 683.724 671,362
617,499 || 608275 || so7.236
532,526
540,246 —
457,377
462.993 445, 954
385,74 351.928
374,858
308,496 306,479
300,732
231,233 23103
226,607
153,98 155581
152 481
76,7267 81314
78,3547
-.526539 46823
4.22876
Step 2 Step 2 Step 2
Inc: 600 Ine: 583 Inc: 590
Time: 7.000e-01 Time: 7.000e-01 Time: 7.000e-01
|| ser.zmm | #0887 || e53.93
|| 744245 || 725604 || 7e8.202
| | e61.202 [ B#+818 || ss2.e04
578.159 563,939 597,016
495,116 53081 511378
412,073 402.163 425.74
320.03 321,306 340,102
340,425
245,987 254,464
159,55
162944 168.626
GTES
79,901 g3.1885
-2.20523 g
— 744333
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Equivalent Strain Development
293 K 333K 373K
Step 1 Step 1 Step 1

Inc: 0 Inc: 0
Tirne:; 0,000e+00 Inc: O Time: 0.000e+00
Time: 0.000e+00

|| 0.279607 || 0.280165
0.279718
0.751963 | | 0.252614
0.252138
| | 0.225063
[ 222 0.224557
0.197512
0.196676 —
0.169032 P— 0169961
0141388 0141815 prz
0.114859
0.113744 0.114234
0.0873076
0.0860996 00866536
0.0597565
0.0584556 0.0590729
0.0322055
0.09081 16 0.0314922
0.00465435
0.00316762 0.00391145
Step 2 Step 2 Step 2
Inc: 600 Inc: 593 Inc: 590
Time: 7.000e-01 Time: 7.000e-01 Time: 7.000e-01
|| 0.75716 |— 0733073 L | nevin3s
|| 0.685557 || 0-664172 || o.609056
0.613954 || 0.585269 | o.54v077
0.542351 0.526366 0,485008
0470748 0457463 0.423118
0.399145 0.39858 0361139
0.327542 0519657 0.79916
0.255939 0250754 0.237181
0.184336 n.18185L 0.175202
0.112948
0.112733 0.113222
0.0440449
0.0411296 0.0512433
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SaS0.35um_Lub7gm2_SaT0.02um-ContactHeatTransf
Temperature Development Workpiece

Step 1
Inc: O
Inc: O Time: 0.000e+00
Time: 0,000e+00
[ | 330.766
| 311,903
|| 3z0.821
|| 310,685
|| 3z6.877
L | 309.428
327,933
308.19
326,958
306,952
326,044
305.714
325.1
304,476
324,155
303.239
302,001 323.211
300,763 322,267
299,525 Jzlazz
Step 2
Inc: 590
Inc: 601 Time: 7.000e-01
Time: 7.000e-01
|| a7a.328
|| a46.906
[ | 373.49
342.933
|| s66.652
|| 338961
363.513
334,959
358.975
331016
354.137
327044
349,293
323.071
344,46
319.093
315.127 339.621
311.154 334.783
307.182 329,945

333K
Step 1

333K
Step 2

Inc

Time: 0.000e+00

Inc:

Time: 7.000s-01

0

[ | 349.814

| 349.02

348,225

347431

346,637

345.843

345.049

344,254

343.46

342,666

341.872

591

406,373

| 400.661

[_| 394,943

389,235

383.522

377,809

372,097

366,354

360,671

354,958

349,245

373K
Step 1

373K
Step 2
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Inc: 0O
Time: 0,000e+00

|| 0.0703480

-0.133024

[_|-0.436994

-0,690965

-0.944935

-1.19891

-1.45288

-1,70685

-1.96082

-2.21479

-2.46876

—

Inc: 601
Time: 7.000e-01

[ | 1.13842

|| 0.777694

[ | 0417374

0.0568527

-0.303668

-0.664189

-1.02471

-1.38523

-1.74575

-2, 10627

-Z,48679

293K
Step 1

293K
Step 2

Total Displacement Y-Direction

Inc: O
Time: 0,000e+00

|| 0.0732471

|_|-0.18053

[ |-0.434308

-0.653033

-0.94186

-1.19564

-1.44941

-1.70319

-1,95607

-2.21074

-2.46452

.

Inc: 590
Time: 7.000e-01

|| 109165

|| 0736222

| 0.380798

0.0253742

-0,33005

-0.685473

-1.0409

-1.39632

-1.75174

-2.10717

-2.46259

333K 373K

Step 1 Step 1

Inc: 0O
Time: 0.000e-+00

[ 0.0752291

|_|-0.173263

[ [-0.431758

-0.685243

-0,93574

-1.19223

-1.44573

-1.69922

-1.95271

-2.2062

-2,45969

333K 373K
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Equivalent Cauchy Stress Development
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Inc: 0
Time: 0.000e+00
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Appendix 15 — Pressto Case — Alternative Point Validation

Due to confidentially issues, this page cannot be viewed.
For more information, please contact: r.m.nienhuis@student.rug.nl
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