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ABSTRACT

KEYWORDS
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ABSTRACT

Cold forming is a manufacturing process that allows high production rates while
obtaining a very good accuracy. However, when starting the production of a new part,
sometimes it is unavoidable to have some changes in the geometry of the component or
even production errors, leading to high losses of time and money in punching equipment.

Laser technology has been improving over the past decades and, as such, it is nowadays
used in several different areas. In the industry, laser is essentially used in the cutting
process of different materials due to its high versatility and its high cut quality, when
compared to similar manufacturing processes. For this reason, this study aims to test the
feasibility of combining laser cutting with cold forming in a production line, in order to
produce prototypes or small volumes of production, to reduce initial costs and times
related to starting the production of a new component.

The following work was developed at Philips Consumer Lifestyle aiming to test the
feasibility to produce the Ultron Guard with the combination of laser cutting with cold
forming. In a first phase, the laser cut samples were carried out by Trumpf using different
laser cutting parameters.

Laser cutting parameters and important aspects observed during the realization of the
tests were documented and studied. Posteriorly, the analysis of the samples was
performed at Philips where a set of procedures was made in order to analyze the
accuracy of the samples, analyze the microhardness, the microstructure and the burr
dimensions, to verify if laser cutting achieves the required accuracy and quality, and how
the parameters influence the cut quality in order to reach the best cut quality.
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RESUMO
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RESUMO

A conformacgdo a frio é um processo de fabrico que permite elevadas taxas de produg¢do,
enquanto obtém uma precisGo muito boa. No entanto, no inicio de produgéo de um novo
componente, as vezes é inevitdvel ter de realizar algumas mudangas na geometria do
componente, ou até erros de produ¢do, conduzindo a elevadas perdas de tempo e de
dinheiro em ferramentas de puncionamento.

A tecnologia de laser tem vindo a ser aprimorada nas ultimas décadas e, como tal,
atualmente é usada em diversas dreas. No setor industrial, o laser é essencialmente
usado no processo de corte de diferentes materiais, devido a sua elevada versatilidade e
qualidade de corte, comparativamente a processos de fabrico similares. Por esse motivo,
o presente estudo procura testar a viabilidade de combinar o corte a laser com
conformagdo a frio numa linha de produgéo, com o objetivo de diminuir os custos e
tempos iniciais associados ao inicio de produgéo de um novo componente.

O seguinte relatorio foi desenvolvido na Philips Consumer Lifestyle, com a principal
finalidade de testar a viabilidade de produzir o Ultron Guard através da combinagéo do
corte de laser com conformagdo a frio. Numa fase inicial, as amostras cortadas a laser
foram produzidas pela Trumpf usando diferentes pardmetros de corte a laser.

Os pardmetros de corte a laser e aspetos relevantes observados durante a realizagdo dos
testes foram relatados e analisados. Posteriormente, as andlises das amostras foram
realizadas na Philips, onde através de um conjunto de procedimentos foi analisada a
dimens@o das amostras, a microestrutura, a microdureza e, por fim, a dimenséo da
rebarba para verificar ndo so se o corte a laser obtém a precisGo e a qualidade
necessdrias, como também compreender a influéncia dos pardmetros na qualidade de
corte a fim de atingir melhor qualidade.
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1 INTRODUCTION

1.1 Contextualization

Cold forming is used to produce several different products, due to the high production
rates and low production costs, allowing to produce high volumes and tight tolerances.
However, when starting the production of a new part, sometimes it is unavoidable to
have some changes in the part geometry or even production errors, leading to high
losses of time and money in punching equipment.

Laser technology has been improving over the past decades and, as such, it is nowadays
used in several different areas. In the industry, laser is essentially used in the cutting
process of different materials due to its high versatility and its high cut quality, when
compared to similar manufacturing processes. For this reason, it was opted to study the
laser cutting feasibility in order to produce prototypes or small volumes of production
combined with cold forming, aiming to reduce initial costs and times related to starting
the production of a new component, since it does not require the wait of tools, such as
punching dies, usually necessary in cold forming process, allowing to speed up the
development time of a prototype track.

The intention of this laser process is to combine it with punching in a production line.
For this reason, there are several finishing requirements needed to accomplish. In order
for the final production line to work properly, it is necessary that, not only the cutting
accuracy of laser is equal or better as the one produced by punching, but also to keep
the process repeatability equal or better, allowing the working geometry to be always
within the tolerances and correctly positioned in every stage of production.

This implementation will also allow the possibility to produce new geometries and work
with different materials. Besides these advantages, this implementation will reduce
initial times since it does not require the wait of parts, something that is necessary in
cold forming process, allowing to speed up the development time of a prototype track.
This also allows the production of low volumes, up to 100 000 units, something that was
not viable only using cold forming. On the other hand, laser cutting also has some
disadvantages which are also going to be studied and mentioned throughout the report.

Among any other projects, a new type of trimmer is being developed at Philips in
Drachten, one of the components being the part chosen to carry out this investigation.
The principal mechanism of the trimmer is constituted by the cutter and the guard. Both
components have teeth that allow the entrance of the hair and, due to the relative
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movement between the two pieces, the hair is cut. The cut is helped by the existence of
cutting angles on the cutter teeth and cutting radius on the guard teeth (Figure 1).

Figure 1 - Trimmer example (Bhatt, 2012)

However, it is necessary to prove that the component is feasible by this process, being
the stamping of the teeth the operation that presents the biggest risk. For this reason,
for the prototyping, it is relevant to make several thousand products with different outer
geometries with laser cutting and to test the ability to stamp the teeth.

The Ultron guard was chosen for this research for two main reasons. The first one is the
geometry that, even though it is relatively simple, presents some complex features to
laser cut that allow to verify the possibility of using this to prototype other components
with even more complex geometries. The other one is the fact that the Ultron guard will
be made from AISI 304, of 0.4 mm thickness, which should be one of the harder
materials to laser cut that is currently used at Philips in Drachten.

1.2 Purpose and main goals

The purpose of this work is to test the feasibility of producing the Ultron Guard by laser
cutting combined with cold forming in a production line, as well as trying to improve the
laser cut quality and speed in order to achieve a cut quality similar to the produced by
punching, decreasing as well the production times.

In general, this research reflects on the following goals:

e Prototype a positioning and fixing mechanism of the metal strip for the laser
machine;

e Test different laser cutting parameters;

e Analyze the laser accuracy and repeatability;

¢ Analyze and compare the cut surface produced by the different parameters and
by punching;

¢ Analyze and compare the heat affected zone dimension and microhardness with
the different parameters;

¢ Analyze and compare the burr produced by the different parameters.
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1.3 Host company

The present work in this dissertation was performed in an industrial environment at
Philips Consumer Lifestyle B.V., located at Dracthen, Netherlands, under the guidance
of the Engineer Dave Geertsma.

The internship had a total duration of 6 months, starting at 02/03/2020 until the
28/08/2020 with a schedule of 8 hours during the workdays. It must be highlighted that
attending to the worldwide situation experienced in this period, the majority of the work
was performed from home, which led to some limitations in the development of the
work as it will be possible to see further ahead.

Contextualization of the company

Philips first steps where made in Eindhoven, the Netherlands, in 1891 when Frederik
Philips and his son Gerard Philips founded Philips & Co. They started the company to
meet the growing demand for light bulbs created by the commercialization of electricity.
Anton Philips joined the company in 1895. Nowadays, Royal Philips Electronics NV has
the head office located in Amsterdam.

Philips is a consumer-centric and market-oriented organization. They develop
meaningful products that improve people’s health and wellbeing and contribute to a
healthy and comfortable life for consumers, as shows their sentence of compromise
“Sense and Simplicity”.

Philips belongs to the top 50 of global brands and has leading positions on many markets
in the fields of health, consumer lifestyle and lighting. By health, Philips does not just
mean the medical aspects of health: staying fit, healthy food and a healthy lifestyle are
very important for the brand. Philips has over 50,000 registered patents, 36,000
registered trade marketing and 63,000 design rights which illustrates the company’s
innovative nature.

Philips employs more than 119,000 people worldwide. With health and wellbeing as the
company’s main points, Philips supplies the professional and consumer markets with
products from three overlapping sectors.

Philips Drachten is part of the Consumer Lifestyle (CL) sector. With more than 2000
employees from 35 different nationalities, Philips CL Drachten is one of CL’s largest
development and production centers in Europe. Philips CL Drachten develops many
innovative products that make life more comfortable for the global market. These
products include coffeemakers, vacuum cleaners and hot air fryers. Philips CL Drachten
has also been the development and production center for Philips shavers since 1950.
Here, the most sophisticated Philips electric shavers are being manufactured.
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1.4 Dissertation structure

The present dissertation is divided into four chapters.

In the first chapter, an introduction to the thematic under analysis is made in order to
frame the work done, clarifying the objectives, the methodology used and the institution
where the entire dissertation was developed.

In the second chapter is made a theoretical framework addressing the subjects that are
related to the performed project and are also essential for its understanding. Firstly, it
is presented the laser mechanism and the cut quality produced by this process, aiming
to see the differences between the two processes as well as potential advantages and
disadvantages. After, an approach regarding the forming mechanism and taking a closer
look to the cut quality produced by this process.

In the third chapter is presented the used methodologies for the development of the
practical part of the performed work. In this chapter it is explained the used methods
when performing the accomplished laser tests, the laboratorial work, and the
measurement of the dimensions of the samples.

The fourth chapter presents the obtained results, as well as the interpretation of the
same and the created prototypes, aiming to improve the laser cutting process.

The fifth and last chapter presents the obtained conclusions of the performed works, as
well as the limitations and suggestions for future research.
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2 LITERATURE WORK

2.1 Laser

Laser stands for “Light Amplification by Stimulated Emission of Radiation” (Amorim,
2016). Laser cutting is a thermal based process that does not require any contact and it
is also highly automated while still ensuring high dimensional accuracy and surface
finishing, being for that reason well suited for a large variety of manufacturing industries
to produce components in a relatively large amount of components (Kumar &
Jayaprakash, 2017).

The process of laser cutting involves the heating, melting and evaporation of material in
a well-defined pattern and small area, capable of cutting almost all types of material
(Patel, Varsi, & Marathe, 2016; Amaral et al., 2019). It was first introduced in industry in
the mid-1970s and since then its applications have not stopped growing and improving,
becoming one of the most reliable advanced manufacturing technologies, being
nowadays used in several fields such as medicine, beauty, manufacturing industry,
weapon system and others (Liu, Duan, & Peng, 2014).

2.2 Laser beam

A laser is a type of light, but in order to have its own properties, it has to differ from the
others, which occurs in the light creation, while, for example the sun light is irradiated
in every direction, with different wavelength and out of phase, the laser beam has
specific properties (Amorim, 2016), such as:

¢ Monochromatic: The light emitted by a laser is a light with a single wavelength
(Amorim, 2016);

¢ Coherent: All waves have identical frequency and are (aligned) in phase (Abbas,
2014);

* Directional: All waves are almost parallel and for that reason they have a really
low diverge (Hashemzadeh, 2014). This has a major importance because it allows
to create a compact laser beam with enough power intensity to process the
materials. The laser beam can be applied this way with a very small diameter in
order to increase a lot the power density that is applied in the workpiece
(Amorim, 2016) .
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2.3 Laser principal/System

Even though there are several different lasers, nowadays lasers still have the same
principals as the first developed one to generate the laser beam. The laser beam is
generated by an atomic excitation that occurs inside a glass tube where an active
medium is contained, this medium can be solid, liquid or plasma.

The chemical species of the active medium is what determinates the optical output
wavelength, because different materials will have different energy levels, resulting in
released photons with different energy (Majumdar & Manna, 2003; Li, 2018). In order
to understand properly the laser working principal, it is also required to have a previous
knowledge of atomic physics.

As it is possible to see in the Figure 2, an atom is constituted by a positive charge nucleus
of protons and neutrons that is surrounded by a negative charged cloud of electrons.
These electrons are orbiting the nucleus in orbits being that each orbit corresponds to a
specific energy level of the electron.

Atom structure
@ Proton

© Neutron
© Electron

Figure 2 - Atom structure (Sharp, 2019)

When an atom is supplied with energy, the electrons look for a new position in order to
maintain the energy equilibrium. If the specific amount of energy is supplied, the
electrons will change to a higher energy level orbit, where they stay for a really small
amount of time until they return to the ground-state level, releasing the absorbed
energy in the form of photons (Amorim, 2016).

During the laser generation process, the medium is excited to the amplifying state by a
pumping source that can be flash lamps, lasers, electrons. This energy is then absorbed
by the medium source atoms, moving the electrons from a low-energy orbit to a high-
energy orbit (Hashemzadeh, 2014). The excited electron in the higher energy state
naturally returns to the ground state, emitting the energy difference between the two
levels as photon of energy. This phenomenon is known as stimulated emission of
radiation, happening coherently with the stimulating radiation, resulting in an identical
wavelength, phase and polarization (Majumdar & Manna, 2003). This photon is not laser
light yet, the emitted photon may interact with a non-excited atom and possibly get
absorbed by it, also exciting the atom to a higher level. This event is called “population
inversion”, and is created by the pumping source.
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Other photons moving along the optic axis are going to interact with a large number of
already excited atoms, disturbing the electrons in the higher state level, making them
return to the lower energy level, releasing another photon, in phase, with the same
energy and identical with the original one. This phenomenon is called stimulated
emission and means that when one already excited atom is stimulated by a photon,
results in the stimulating photon plus the released photon.

To create the laser light is necessary to have a larger percentage of excited atoms than
atoms in the ground level (Hashemzadeh, 2014). In order to increase the chance of this
occurrence, the photons are repeatedly reflected through the excited medium by the
mirrors with a percentage of these photons exiting through the partially reflective
mirror, building up the laser beam (Abbas, 2014). After the laser beam is produced, it is
guided to the focusing lens where it will be focused to actuate in the workpiece. A
schematic representation of a Nd-YAG laser machine is represented in the Figure 3.

Excitation Source (Flash Lamp)
Bending Mirror
Cooling Lasing Medium < >
Unit (Nd:YAG Rod) >
F' -
Rear mirror Front Mirror
(Reflective) (Partial reflective)
Focusing vy
Lens E T ]
Supply of gas jet o
to nozzle & V
Workpiece —_
SRR N
CNC Controller Motor |

Figure 3 - Schematic representation of a Nd-YAG laser machine (Selvan, Rammohan, & Sachidananda, 2015)
2.4 Laser cutting advantages and disadvantages

As typical to any other manufacturing process, laser cutting also presents its own
advantages and disadvantages, as it is possible to understand below.

Advantages:

¢ Able to work with a wide range of different materials;

¢ Since laser cutting is a thermal based non-contact process, there is no tool wear,
meaning that the workpiece only needs to be lightly clamped in order to prevent
the piece from moving during the operation (Powell & Kaplan, 2004; Kumar &
Jayaprakash, 2017);

e Capable of producing high complexity geometries (Lazov & Narica, 2015);

¢ High flexibility and changeovers (Lazov & Narica, 2015);

¢ High material flexibility (Kellens et al., 2014);
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Easily automated with computer numerical control (CNC) and robotic processing,
allowing a high productivity (Muhammad, 2012);

Small heat affected zone (HAZ), when compared to other thermal cutting
processes like flame and plasma (Muhammad, 2012);

Quiet process, allowing to reduce the noise level in the workplace (Muhammad,

2012);

Capable of producing highly complex contours (Abbas, 2014).

Disadvantages:
High power consumption (Patel, Varsi, & Marathe, 2016);

Can be expensive, depending on the volume of productions while comparing to
other methods (Patel, Varsi, & Marathe, 2016);
Rate of production depends on the type and thickness of the material (Patel,

Varsi, & Marathe, 2016);

HAZ can potentially affect the microstructure;

Poorly adjusted lasers can cause bad finishing and even burr and burned surfaces

(Patel, Varsi, & Marathe, 2016);

Difficulty when cutting metals with high reflectivity such as copper, brass and
sometimes aluminium (Patel, Varsi, & Marathe, 2016).

2.5 SWOT analysis about laser cutting process

In order to analyse the potential problems and benefits linked to the laser cutting
process, it was performed a SWOT analysis with the collaboration of some colleagues of
Philips team, as it is possible to see in the Figure 4.

Strengths

* High flexibility and changeovers

* High material flexibility

« Capable of producing complex contours (able to cut holes
smaller 20 um

« Small burr, within pm for thinnest sheets and mm for

thickest sheets (around 10% of sheet thickness)

Able to cut 3D shapes

Versatility

No tool wear

Lifetime of Approximately 15000 hours

Opportunities

* Shortening the time of execution (from creation to
production)

Reduced internal stresses

Low production cost for prototyping

Fast iteration speeds

Ability to use for multiple processes

Weaknesses

* Expensive for higher volumes of production
* Low production speeds for high volumes

* Energy

Threats

* Poorly adjusted parameters can lead into bad finishing
Burr dimension can cause damage to punching tools
Deposition of debris on the material

Investment cost

Learning curve

Unknown repeatability of the process

Figure 4 - Laser cutting SWOT analysis about laser cutting process
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2.6 Laser cutting quality

The quality of a laser cutting process can be evaluated by different characteristics (Figure
5) in the cut material, such as referred in the next subchapters.

. Process gas

. Cutting nozzle

. Nozzle offset

. Cutting speed

. Molten material
Dross

. Cut roughness

. Heat offected zone

. Kerf width

NV O N s W -

Figure 5 - Laser cut surface characteristics (Wandera, 2006)
2.6.1 Kerf width

Distance between the edges of the groove produced by the laser. This distance is usually
measured on the top and bottom part of the processed material, since normally the cut
is not parallel, meaning that the distance changes along the material thickness (Kumar
& Jayaprakash, 2017).

This phenomenon can occur due to several factors, such as the beam loss of intensity,
beam defocusing and gas pressure loss. This implies then that the laser power, cutting
speed and assist gas jet are the parameters with the biggest influence in this
characteristic (Muhammad, 2012).

2.6.2 Dross

Solidification of molten material in the shape of drops, clinging on the bottom edges of
the cut material. This formation is influenced by surface tension and viscosity of the
molten material. The high values of this characteristic make the molten material resist
from flowing fluently from the cutting zone, increasing the chance of dross formation.
To reduce this dross formation, assist gas jet is used in order to expel the molten
material, minimizing the dross adherence, even though this does not completely delete
the dross formation (Conrado, 2014).

The effect of the assist gas jet also depends on gas pressure and gas type, being that
inert gas jet increases the dross formation when compared to a reactive gas, since the
surface tension on pure metals is higher than oxidised metals. Other parameters can
also be adjusted in order to reduce the dross formation, such as the appropriate focus
and cutting speed (Muhammad, 2012).
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2.6.3 Heat affected zone (HAZ)

Due to the fact that laser cutting is a thermal based process that involves a huge amount
of energy absorbed and conducted by the workpiece, it is evident that a lot of that
excessive heat is conducted to the imminence of the cutting zone. The excessive heat is
going to affect this zone, transforming the microstructure an affecting the workpiece
properties in these zones.

The HAZ can be measured perpendicularly to the cutting direction, where it is possible
to observe the microstructure and/or hardness variation from the beginning of the cut
edge to the base material (Muhammad, 2012). The HAZ area reduces with the increase
of the cutting speed, since the laser passes less heat by cutting length unit of the
workpiece, reducing the amount of energy and temperature absorbed and conducted
by the workpiece (Wardhana et al., 2019). The HAZ also varies from the top to the
bottom of the kerf, being higher on the top side (Hashemzadeh, 2014).

2.6.4 Recast

It is a layer that is formed by the re-deposition of molten material on the cut edges
(Muhammad, 2012). This layer (Figure 6) is generally harder than the base material and
it is also usually very stressed, meaning that it is more prone to have crack formations
(Lv, Wang, & Ji, 2006). According to those authors, the formation of this layer is highly
dependent on some laser cutting parameters such as pulse energy, assist gas and cutting
speed, where the increase of pulse energy resulted in an increase of energy delivered to
the process, leading to bigger recast layers. The increase of the cutting speed leads to a
smaller recast layer, since the reduction of energy density on the cut area is expected.
The recast layer also tends to reduce with the increase of assist gas pressure. According
to Kleine, Whitney and Watkins (2002), the use of ultra-short laser pulses (pulse
durations of 102 - 10'° s) also tends to reduce the recast layer.

T
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Figure 6 - Recast layer (Lv, Wang, & Ji, 2006)
2.6.5 Cut surface roughness

The surface roughness is the texture and quality of the cut surface, in the form of
irregularities of the surface profile and it can affect the component tolerances, wear
behavior, fatigue life and tensile strength (Wandera, 2006).
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There are two usual standard measurements of surface roughness that can be applied
in laser cutting (Pocorni et al., 2013). The first and most common one is the average
roughness (Ra) (Muhammad, 2012). This average roughness translates the arithmetic
average deviation of the assessed profile in a certain length. The other one is the R;,
which is the maximum peak throughout the analyzed surface (Pocorni et al., 2013). The
cut surface roughness is influenced by several parameters such as the assist gas jet
pressure, nozzle shape, cutting speed and laser power, but it is often related to the
natural striations from the non-steady nature of laser cutting (Abbas, 2014).

2.6.6 Striations

During the laser cutting of mild steel oxygen, the ignition phase occurs under a high
power laser beam, focused together with the coaxial oxygen jet, and causes the steel
sheet to oxidize exothermically when the high power laser touches the cutting front.

The highly energetic burning front quickly moves away from the center of the laser beam
and once the laser beam is left behind, the burning front cools and extinguishes. The
moving laser then repeats the process on the next area, generating a pattern of
striations along the cut edge.

Generally, the distance between striations increases with the cutting speed and
normally, the faster the cutting speed, the less is the heat penetration and the better is
the cut quality. When cutting with inert gas, where there is no exothermic reaction, the
striations are associated with inefficient removal of the molten material. The quality of
the cutting surface in nitrogen cutting is enhanced using higher gas pressures compared
to the gas pressures used in cutting oxygen. The laser cut surfaces show two different
striation patterns, one with a finer structure adjacent to the upper surface and one with
a coarser pattern adjacent to the lower surface of the workpiece (Wandera, 2006).

2.7 Cutting parameters

There are several different parameters to have into account before a laser cut is
performed, in order to have a good cut edge finishing and a short process time, as well
as a good relation between both. These parameters can be split into laser system
parameters, that cannot be adjusted by the operator and the process parameters,
which can be adjusted by the operator. These choices depend on the material type and
thickness of the workpiece (Abbas, 2014).
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2.7.1 Laser system parameters
2.7.1.1 Power and intensity

The amount of energy emitted per second in the form of laser light is the laser power,
while the intensity of the laser beam is the power transferred in the area where the
beam is concentrated.

A higher laser intensity is obtained by focusing the laser beam to a small spot, being this
desirable for cutting applications, since the heating of the material in that area occurs
faster, which reduces the time for the heat to dissipate to the rest of the workpiece. This
also allows to use higher cutting speeds and tends to produce a better cut quality. The
optimization of these parameters is very important since using excessive power results
in a higher kerf, a thicker recast layer and a dross increase, while using lower laser power
can result in incomplete cuts (Wandera, 2006).

2.7.1.2 Wavelength

It is a particular characteristic of each laser since it depends on the energy levels of the
atoms in laser medium (Figure 7). In a laser cutting process, the laser beam must
completely penetrate the workpiece and the wavelength of the laser has a major impact
on this, having a decisive influence on the material’s surface absorptivity (Hashemzadeh,
2014).

The reflectivity of metallic materials to a laser beam is a function that depends on the
laser wavelength, being that, typically metals have a higher reflectivity to longer
wavelengths, meaning less capacity of absorption. Even though metals have a high
reflectivity to CO; laser beam at room temperature, they become better absorbers with
the increase of temperature (Wandera, 2006).
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Figure 7 - Absorption phenomena of typical metals over a range of different laser (Bell Laser, 2020)
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For that reason, when comparing the two most common commercial lasers, CO, and
Nd:YAG lasers, the last one has some advantages due to the wavelength of 1.06 um,
which is ten times smaller than the CO; wavelength:
* Nd:YAG laser beam can be focused in a smaller spot, translating in a finer and
more detailed cut;
* Nd:YAG laser beam is easier to be absorbed, being for this reason more suited
to work on metals with higher reflectivity.

Unlike CO; lasers, the beam of a Nd:YAG laser can travel through glass, enabling the
possibility of using high quality lenses to focus to a small spot. This also allows the use
of optical fibres to carry the beam from significant distances to the workpiece. It can
also be seen as an disadvantage, since it cannot cut some organic materials that are
transparent to this light (Powell & Kaplan, 2004).

2.7.1.3 Beam quality

The laser beam quality is characterized by its mode, which is the energy distribution
through the beam cross section (Berkmanns, & Faerber, 2008). A uniform energy
distribution is essential because it allows the beam to be focused in a smaller spot,
increasing this way the beam intensity which also translates into faster cutting speeds
and better cut quality (Conrado, 2014).

Laser beam mode can be referred to a gaussian intensity distribution and, theoretically,
the term with the lowest order (TEMoo) refers to a gaussian intensity about a central
peak. This gives a very high intensity when comparing to other modes, where the beam
is focused on a small spot size. The TEMgp also confers the biggest depth of focus, thus
giving the best performance when cutting thicker materials. However, in practice, lasers
usually deliver a higher order mode, conferring a larger focus spot size than the TEMoo
(Bell Laser, 2020).

2.7.2 Process parameters
2.7.2.1 Continuous wave (CW) or pulsed laser power

Laser cut can be executed in continuous wave or pulsed, which is determined in function
of the workpiece material or on the wanted process (Conrado, 2014, Silva, 2008). The
cutting speed is determined by the average power intensity, the higher the average
power the higher the cutting speed can be, meaning that a high power cw laser can
achieve higher cutting speeds than the pulsed laser (Hashemzadeh, 2014).

However, the penetration in the workpiece is determined by the peak pulse power in
pulsed cutting and by the average power in continuous wave. When cutting a fine
component, a more precise cut is intended, and the pulse operation is preferred since
the high power in the short pulses ensures an effective heating, as well as an effective
removal of the molten material from the kerf zone, reducing the dross formation and
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the low average power reduces the heat conduction, keeping the workpiece cool, being
for this reason also more suited for micro cutting of thin section materials and materials
with higher thermal conductivity (Berkmanns & Faerber, 2008).

The duration of the pulse is typically between 100 ps and 1 ms, with a pulse frequency
varying from 1 Hz and 100 Hz, depending on the thermal dissipation capacity of the
active medium during the operation (Gerck & Lima, 1997).

2.7.2.2 Focal length of the lens

Converging lenses are usually used to focus the beam on a small spot. The focal length
of the lens is an important parameter of the optical component, since the smaller the
focal length, the smaller the beam diameter at the focal point and the smaller the cut
width are obtained (Conrado, 2014).

The focal length of lens is the distance from the position of the focal lens to the focal
spot (Figure 8). It determines the shape of the focused beam onto the workpiece depth
(Boc, 2020; Patidar & Rana, 2018), determining the focused spot size and also the focus
depth, which defines the thickness that can be cut (Wandera, 2006).

The minimum spot size is still depending on the wavelength, beam mode, the diameter
of the unfocused beam at the lens and the focal length of the lens. The focal position
must be controlled in order to ensure the best cutting performance (Bell Laser, 2020).

When cutting material thinner than 4 mm, a short focal length is recommended since
the smaller focused spot gives a narrow kerf and a smoother cut edge. When cutting
thicker materials, a longer focal length is preferred, and the depth of the focus should
be around half of the material thickness. The use of longer focal length lens also
increases the working distance, which minimizes the risk of contamination of the lens
(Wandera, 2006).
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Figure 8 - Focal length of the lens (Berkmanns & Faerber, 2008)

2.7.2.3 Focal position relative to the workpiece

The correct focal position must be ensured to provide the optimum cutting
performance. This may require some alterations when working with different materials
or thicknesses.
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According to Hashemzadeh (2014), the focal position can be placed somewhere
between the upper surface and lower surface and its position affects the cut quality,
cutting speed and the kerf width (Figure 9).

When cutting with oxygen, for thin sheets, the maximum cutting speed is achieved when
the focal position is positioned on the upper surface, and when cutting thick sheets the
maximum cutting speed is obtained when the focal position is located about one third
of the plate thickness below the upper surface. However, when cutting with inert gas,
the optimum focal position is typically closer to the lower surface, because it creates a
larger kerf that allows a larger part of the gas to penetrate the kerf and eject the molten
material. If the focal position is too high relative to the upper surface, or too below from
the lower surface, the power density is not enough to produce the cut (Wandera, 2006).

F<0 F=0 F=0

Figure 9 - Focal position relative to the workpiece (Conrado, 2014)

2.7.2.4 Cutting speed

Cutting speed is defined according to the power intensity of the laser beam and the
material thickness. It also must be balanced in order to have an appropriate share in the
ratio between the operation time and the cut quality (Bell Laser, 2020).

The energy supplied to the cutting zone can be divided into the energy used to generate
the cut and the energy that is lost in the cut zone. With the increase of the cutting speed,
the energy lost in the cut zone is decreased, increasing this way the efficiency of the
cutting process. However, using too high cutting speeds tend to induce the appearance
of striations, dross formation and even the incomplete cut of the workpiece.

Lower speeds used when cutting thicker materials, leads to an increase of the lost
energy in the cut zone, causing an increase of the HAZ, consequently a lower efficiency
and a decrease of the cut quality.

Cutting speed of a material is, in general, inversely proportional to its thickness and the
speed must be reduced when cutting a sharp corner in order to avoid burning (Conrado,
2014; Silva, 2008). Cutting speed must also be balanced with the gas flow rate and the
laser beam intensity.
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2.7.2.5 Gas type and gas pressure

The assist gas has a major impact on the cutting result, having different important
functions in the process (Figure 10). The workpiece material and the intended results
determine the gas type to be used (Conrado, 2014).

The two most common gas types used are oxygen and nitrogen, each one having its own
advantages and disadvantages, an inert gas such as nitrogen expels the molten material
without allowing the drips to solidify on the underside, avoiding dross formations, while
a reactive gas such as oxygen takes part in an exothermic reaction with the material,
where additional heat is supplied in the cutting process, allowing higher cutting speeds.
However, the use of oxygen also develops oxidation, affecting the surface quality.

Oxygen is normally used to cut mild steel and low-alloyed steels. Nitrogen gas requires
higher gas pressure in order to remove the molten material from the kerf cut and it is
the preferred gas to cut materials like stainless steel, high-alloyed steels, aluminium, and
nickel alloys. The high gas pressure acts as an extra mechanical force to blow the molten
material from the cut kerf. When using high pressure nitrogen to cut stainless steel, it
produces a bright and oxide free cut edge. However, the cutting speeds are lower than
the oxygen assisted process.

The main problem associated with inert gas cutting is the dross formation in the
underside of the kerf, which can be reduced with the optimization of other processing
parameters like nozzle diameter, focal position and gas pressure (Bell Laser, 2020).
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Figure 10 - The acceptable-quality cutting region of 3 mm mild steel oxygen-assisted laser cutting (Muhammad,
2012)
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2.7.3 Laser cutting methods
2.7.3.1 Fusion cutting

The mechanism of laser fusion cutting consists on the heating, above the fusion point of
the material, transforming it into a molten state, where it is then expelled by the high
pressured assist gas to the bottom part of the workpiece.

The gas used to expel the molten material is applied coaxially and are usually inert (i.e.
argon, helium and nitrogen), protecting also the cutting point from the surrounding air,
avoiding sideways burning and oxidations, and minimizing the dross formation on the
bottom edges of the kerf. The cooling effect of the gas is negligible due to the really
small area involved in the process.

This type of process is normally used to cut materials with high reflectivity, such as
stainless steel, aluminium and brass (Faro, 2006; Kheloufi & Amara, 2014; Ferreira,
2017).

2.7.3.2 Reactive fusion cutting

The reactive fusion cutting mechanism is similar to the fusion cutting. The difference is
that instead of using an inert assist gas, a reactive gas is used, typically oxygen or
mixtures containing oxygen. The use of oxygen causes exothermic reactions, leading to
a temperature increase. The increase of energy added by the exothermic reaction
depends on the workpiece material, where this increase is around 60% for a non-alloy
steel and can reach 90% when cutting titanium. This additional energy on the process
allows a higher cutting speed that can be twice the speed compared to process without
an exothermic reaction (Faro, 2006).

However, this reaction causes different effects on the cut surface, depending on the
workpiece material. On a non-alloy steel, the most visible effect is the formation of a
thin oxide layer on the cut surface. This also brings an advantage since the oxide reduces
the dross formation because it improves the molten material flow. This dross formation
does not happen when cutting stainless steel or aluminium since the oxide is formed by
high fusion point compounds, that solidify fast and increase the dross formation.

2.7.3.3 Vaporisation cutting

In vaporisation cutting, the material is removed mainly in the form of vapor. The energy
provided by the laser has to be high enough, so that the material reaches its vaporisation
temperature in a very short interaction of time, being for this reason easier achieved
with a pulsed laser (Muhammad, 2012).

In the beginning, the laser beam actuation causes a temperature increase of the surface.
As the temperature continues increasing, the reflectivity of the material decreases,
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increasing the absorptivity and leading to fast increase of the temperatures until the
boiling point, generating vapor. The vapor leaves the surface at a high speed, also
dragging some particles, creating a cylindrical cavity named keyhole. The appearance of
the keyhole causes abrupt increase of the absorptivity, due to the multiple reflections
that allows the hole to deepen quickly (Faro, 2006).

Another important step when laser cutting is the piercing operation, especially when
dealing with small features. The mechanism of metal laser piercing can be explained in
four major steps, being these the surface heating, surface melting, vaporisation and
molten material ejection (Hashemzadeh, 2014):

e Surface heating: In the beginning, the laser beam is focused on the metal
surface, starting the interaction between the electrons and the metal surface.
The excited electron collides with lattice photons and other electrons converting
the energy to heat in a very thin surface layer of the metal sheet.

e Surface melting: Being the laser intensity high enough and the interaction time
between the laser beam and the metal surface sufficient, a thin layer of the
surface begins to melt. The laser beam intensities are normally so high that the
interaction time of the molten layer is too short to result in a significant heat
conduction to the material.

* Vaporisation: The continued interaction between the laser beam and the molten
layer typically results in such an increase of temperatures that the temperature
of the material gets higher than the vaporisation temperature, causing the
vaporisation of the material.

* Melt ejection: During the vaporisation, two types of melt material ejection
occur. The first one is the ejection of the molten layer that is ejected by the
induced recoil pressures caused by the vaporisation and, secondly, the ejection
caused by probable existence of nucleation mechanisms that may cause the
violent boiling of the material.

In Table 1 are described some studies performed analysing the influence of some laser
cutting parameters on the cut quality.

Table 1 - Studies made with stainless steel

Author Description

The goal of this study was to analyse the influence of the
cutting speed on the cut quality of an AISI 304 with different
(Stelzer et al., 2013) thicknesses, between 1 and 10 mm. The experiments were
conducted using two different types of laser, fibre laser and
CO; laser, both using a laser power of 3 kW and an inert assist
gas. When cutting the thinnest sheet (1 mm), the smaller kerf
width was obtained with the fibre laser. However, as
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expected, the kerf width increased with the sheet thickness.
Nevertheless, when analysing the kerf width throughout the
sheet thickness, the CO, laser obtained more consistent
results. Regarding the average surface roughness, the highest
values were detected closer to the bottom region of the cut
edge and when comparing it on both types of laser, similar
roughness was obtained for thinnest sheets, up to 4 mm
thickness, and for thicker sheets the CO, laser obtained
significantly better roughness.

(Ghany & Newishy,
2005)

This research was conducted in order to evaluate the
optimum laser parameters when cutting austenitic stainless
steel sheet with 1.2 mm thickness, using a Nd:YAG laser beam
in pulsed and CW mode, and nitrogen or oxygen as assist gas.
For the pulsed laser mode, dross free and sharp edge surface
was achieved with the following parameters: frequency
between 200 and 250 Hz, laser power of 210 to 250 W, cutting
speed between 1-2 m/min, focal position of -0.5 to -1 mm and
nitrogen gas pressure of 9 to 11 bar. For the CW mode, most
of the used parameters were the same, now the speed being
between 6 to 8 m/min and the power ranging between 900
and 1100 W. The increase of cutting speed during the pulse
mode led to an insufficient overlapping of the pulse, causing
an incomplete cut. The increase of frequency also generated
a lower roughness since the pulse overlapping was bigger.
However, in the CW mode, the increase of the cutting speed
(until 8 m/min, where a bigger increase induced vibrations
and instability in the equipment) with equivalent increase of
power, generated a better cut quality, with smoother, bright
surface and smaller kerf width. Regarding to the assist gas,
when using nitrogen with a lower pressure than 9 bar led to
dross formation, and higher-pressure values produced better
quality and clean surfaces. However, pressures above 11 bar
did not significantly improved the cut surface. Using oxygen
as assist gas, resulted in a poor surface quality with the
presence of oxidation, as well as a wider kerf. Changes on the
oxygen pressure revealed big variations since 4 bar was the
pressure that showed best results, with no dross, reducing the
pressure led to incomplete cutting and increasing the
pressure led to big dross formations.

(Junior, Ventrella, &
Gallego, 2016)

The study focused on the influence of parameters such as
peak power, pulse duration and the existence or not of a
protective atmosphere on the size, geometry and depth on
micro holes, when cutting a 1 mm thick AISI 316L metal sheet
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with a pulsed Nd:YAG laser. During the tests, the peak power
varied from 1 kW to 7 kW, the pulse duration was 1 ms and 2
ms, without assist gas and using Argon as assist gas. The
cutting of the total thickness was only achieved at a high
enough power level, and after that, the diameter of the exit
hole kept increasing with the process energy. It was also
observed that the exit hole kept losing the circular geometry
with the increase of process energy, and this was more
evident in processes without assist gas. Related to the pulse
duration, if the process energy has been maintained, the
pulsed with a bigger duration caused less effect on the
surface. The effect was even smaller when using assist gas.

(Amaral et al., 2019)

This work intended to study the influence of process
parameters, such as laser power, cutting speed and assist gas
pressure on the cut surface when laser cutting AlISI 316L sheet
of 2 mm thick, with CO; and fibre laser. The analysed samples
did not show any evidence of microstructure change on the
cut surface because the applied laser intensity did not interact
enough time to increase the temperature enough to result in
a microstructure change.

Related to the dross and roughness analysis, the study
obtained very small dross dimensions for both laser types,
however, it was also reported an increase of dross and
roughness with the decrease of laser power, cutting speed or
assist gas pressure.

(Patel & Sanghavi,
2014)

The study analysed a 3 mm AISI 304 metal sheet cut surface
roughness, when cutting with a CO; laser. The research was
done varying three process parameters: the cutting speed,
gas pressure and input power. Using the ANOVA tool, the
authors concluded that the parameter with the biggest
impact on the surface roughness was the power, having a
contribution of more than 50%, followed by the errors
induced by human or machines, with a contribution of more
than 30%. Gas pressure and cutting speed had a relatively
small contribution, being 12.27% and 0.06%, respectively.
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Table 2 - Studies performed analyzing the influence of cutting parameters on the HAZ

Author Description

This study is focused on the thermal effect of CO; high-power
laser cutting. The authors have investigated the influence of
three laser cutting parameters such as laser power, cutting
speed and laser beam diameter when cutting an 8 mm S235
steel sheet and analysed the heat affected zone width and HAZ
(Miraoui, Boujelbene, microhardness. The results showed that HAZ width increases
& Zaied, 2016) with laser power and it decreases with cutting speed. It was also
observed that laser power has the biggest impact followed by
cutting speed, while the laser beam diameter has a negligible
effect. The parameters have similar influence on the HAZ
microhardness as on the HAZ width, increasing with laser power
and decreasing with cutting speed. However, the laser beam
diameter has a significant effect, decreasing the HAZ
microhardness with the increase of the diameter.

The research analysed the effect of laser power and cutting
speed on the HAZ dimension when cutting AISI 304 stainless

(Sheng & Joshi, 1995) steel with 3.2 mm thickness with a CW CO; laser. The results
showed an increase of the HAZ dimension with the increase of
laser power and it decreases with cutting speed, due to the
decrease of heat that any point in the material receives caused
by the faster movement of the laser beam.

This study was performed on AlSI 4130 steel using a CO; laser in
order to analyse the influence of cutting speed and laser power
on the cut quality. The results showed that generally HAZ
(Rajaram, Sheikh increases with the increase of laser power and decreases with
Ahmad, & the increase of cutting speeds. This was explained by the ability
Cheraghi, 2003) of the material to conduct the heat, since with the increase of
cutting speeds the interaction time decreases, resulting in less
heat conducted and, hence, a smaller HAZ. However, when
using higher laser power, the results showed a decrease of the
HAZ at slower cutting speeds but, at higher cutting speeds, the
HAZ also increased when compared to lower laser power.

The study analysed the HAZ dimension and the effects induced
by laser cutting parameters such as cutting speed, laser power,

(Madic¢ & assist gas pressure and focal position on it. The tests were
Radovanovi¢,  performed on a 3 mm thickness AISI 304 stainless steel sheet
2003) using a CW CO; laser machine assisted by nitrogen. The

experiments showed that increasing the laser power results in
an increase in the HAZ width until a certain power range, due
to the increase of absorbed thermal energy by the material.
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However, after that power range, the HAZ width started
decreasing, probably due to the interaction effect of the laser
power width with other cutting parameters. This trend was also
observed by other researchers (CO; Laser cut of 4130 Steel).
Regarding the cutting speed, it was observed that its increase
causes the decrease of HAZ width, because it reduces the
interaction time between the laser beam and the material. Gas
pressure increase translated on the decrease of HAZ width
presumably because the efficient cooling effects of the assist
gas. Lastly, it was observed that a lower focal position induced
a smaller HAZ width, because when the focal position is close to
the lower surface of the sheet, the kerf width becomes wider,
allowing the assist gas to eject the molten material more
effectively, minimizing the heat penetration into the material.

The study performed on a 5 mm thickness AlSI 304L metal sheet
analysed the influence of laser power and cutting speed on
(Miraoui, Boujelbene, jcrohardness. The experiments were performed with a CO»
& Bayraktar, |3ser using a laser power range from 3 kW to 5 kW and a cutting
2013) speed range from 640 mm/min to 4000 mm/min. When
analysing the microhardness, in accordance with other studies,
it was observed that it increases as laser power increases, and

decreases as cutting speed increases.

2.8 Forming

Differently from what happens in other manufacturing processes, in the forming
processes, the change in the geometry of the components is done in the solid state and
achieved through tools and procedures that allow and promote the flow of the material
in the plastic regime. The characteristics of the forming processes make them very
efficient in terms of using the material and reducing waste (Gomes et al., 2017; Silva et
al., 2018).

The forming in metallic materials consists in the creation of a permanent deformation
in the material. For this to occur, it is necessary to apply external forces of such an
intensity that the point at which the material can return to its original shape is exceeded.

If the shear stress limit of the material is exceeded, then the atoms move into the field
of attraction of the adjacent atoms and a new permanent state of equilibrium is reached
occurring the plastic deformation (Tschaetsch, 2005). To reach this state, it is always
necessary to reach a certain level of stress that depends on the characteristic of each
material. In the Figure 11, it is possible to observe the typical behavior of metals in
tensile tests (Moreira, 2018).
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Figure 11 - Typical stress-strain of a ductile metal (Moreira, 2018)

According to the Figure 11, in a first phase, up to point A, there is a proportionality
relationship between the applied stress and the strain of the material. During this phase,
if the force is no longer applied, the material will return to its original shape. This phase
is called the elastic phase. However, if the applied force continues to increase and point
B, the elastic stress limit, is reached, a part of the deformation applied to the material
will be permanent.

Continuing increasing the applied force, there is no longer proportionality between the
stress exerted on the material and its deformation. In C, there is the yield point. This is
a short and transient phase between elastic and plastic deformation.

After this phase, it is again necessary to increase the applied stress to continue to deform
the material until point D, and the respective ultimate tensile strength is reached. This
is the highest stress that the material will withstand and, from this point the material
will start to decrease its section. Continuing the material will end up breaking at the
breaking stress point (point E).

When a cut is performed in forming, the workpiece goes through all the phases
previously described (Moreira, 2018).

These can be classified into two distinct groups, being bulk deformation processes,
which integrate processes such as forging, extrusion and rolling, and sheet metalworking
processes, which include shearing and bending processes (Cordeiro, 2016). In the Figure
12, it is possible to observe the main forming processes.
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Figure 12 - Classification of metal forming processes (Arunachalam, 2018)

The bulk deformation processes can be performed at cold (near room temperatures) or
at higher temperatures. At cold temperature, it is possible to obtain components with
superior mechanical strengths and hardness, however the ductility and toughness of the
components decreases. With this, the appearance and growth of cracks in the
components is increased, making it a more suitable process to produce relatively simple
geometries.

Comparatively, hot forming processes allow larger deformation rates and less steps of
deformation, but due to the contraction during the cooling process, do not allow to
obtain high dimensional accuracy. The hot bulk deformation processes, allows
components with greater ductility, being thus used for parts with more complex
geometries and larger dimensions, reducing fracture problems. The reduction of the
load needed to deform these materials due to the high temperature allows the use of
equipment with less force and power but one of the main disadvantages is the high
energy consumption that is necessary for heating the components to be deformed
(Cordeiro, 2016).

The cold forming process of metals is a manufacturing process that is characterized by
the ability to produce parts with good production rates with almost total use of the
raw material, meaning small amounts of scrap material.

2.8.1 Cutting operation

Cutting operations can also be performed with the forming process. These processes are
operations that remove excess material in a given component to obtain a final product.
This can be described as the separation of an outline from a plate or band using tools
(die and punch) moved by a press. Highlight that within this type of process there is the
conventional tool cut and the fine cut (precision), being the latter developed to avoid
further machining, which could be necessary using the conventional method (Cordeiro,
2016).
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Cutting is one of the most used processes for cutting sheet metal, being that the
maximum thickness of which generally varies between 6 and 8 mm. This process does
not alter the mechanical properties of the parts produced, being carried out mostly at
cold temperatures (Rodrigues & Martins, 2010).

A cutting tool consists of a cutting punch with a contour equal to the intended, and a
die, with the same contour, but with an offset which represents the cutting clearance.

As for the mechanics of conventional tool cutting, it can be explained into three distinct
phases. In a first phase the crushing of the metal sheet takes place which begins with
the descent of the press where the punch is. After this, the metal sheet gets stuck
between the punch and the die and, from this moment on, the material is forced to
enter the die creating elastic deformations in both sides of the metal sheet. In the
second phase the cut occurs. Following the process, the material will be under a very
high shear stress creating a pure cutting surface. The third and last stage is rupture,
where, after a certain moment of the press descent movement, the plate breaks, which
will allow the material to be separated (Cordeiro, 2016).

These three different phases will also generate three distinct zones on the cutting
surface represented in the Figure 13, where it is also possible to see a normal cut surface
morphology created by punching.

HR  : Roll-over depth.
HS  : Sheared edge.
HF  : Fracture depth.
Hb  : Burr height.

[0 : Fracture angle.

Figure 13 — Geometry of the cutting edge (Makich et al., 2008)

The clearance between the punch and the die must be suitable for the metal sheet,
being problematicif too large or too small. As it is possible to see in Figure 14, the greater
the number of cuts a tool performs, the wear of the tools increases, leading to higher
burr. The produced burr is a local plastic deformation near the contour of the workpiece
where, in the zone actuated by the punch, as a result of the clearance between punch
and die (Cordeiro, 2016).
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Figure 14 - Evolution of burr height with number of cuts. Adapted from Cordeiro (2016)

Forming can also be divided into different groups, depending on how the loads are used.
This classification divides forming into five large groups, being these forming under
compressive conditions, forming under compressive and tensile conditions, forming
under tensile conditions, forming by bending and forming under shearing conditions, as
it is possible to see in Figure 15 (Encerrabodes, 2018).
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Figure 15 — Forming Classification (Encerrabodes, 2018)
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3  MATERIALS AND METHODS

3.1 Materials

The Ultron Guard will be made of a 0.4 mm thickness AISI 301 metal sheet which is a material
already used to produce several different parts, however there are different options of this
material with different properties. For the laser cutting tests, it was opted to choose the material
with the highest tensile strength available within Philips, being the AISI 301 with a tensile strength
between 1700 and 1900 MPa the material selected because it is, in theory, the hardest one to
work with, and thus, it will also be possible to laser cut the other types of AISI 301.

Due to confidentiality reasons and given to the fact that the laser cutting tests were performed
by Trumpf corporation, it was necessary to perform some geometry changes in the Ultron Guard
as it is possible to see in Figure 16. This new prototype geometry was created in NX 10 and in
order to test the possibility to produce smaller features with laser cutting, it was also added two
small holes one with a 0.4 mm diameter and the other one with 0.2 mm diameter, and a slot with
a 0.15 mm radius. All these smaller features are not possible to produce by conventional
punching since the thickness of the metal sheet is bigger than the holes diameter.

Figure 16 - Study case part
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The main characteristics of the used material for the tests are specified in the Table 3.

Table 3 - Metal sheet properties

Material Sheet thickness (mm) Sheet width (mm)

AlISI 301 0.4 45

Chemical composition (Mass fraction alloying elements in percentage)

C Si Mn Cr Ni Mo N

0.10 1.20 1.20 16.70 6.60 0.70 0.07

Physical properties

Density at 20°C (g/cm?3) Thermal conductivity at 20°C (W/(mK))

7.91 14.7

Mechanical properties

Tensile strength (MPa) Elastic modulus (GPa) Vickers hardness

1700-1900 185 600+ 30

3.2 Used means

The used laser machine was the Trulaser Cell 3000 and the laser devise was the TruFiber 500. The
main characteristics of the used laser cutting equipment are specified in Table 4.

Table 4 - Laser equipment characteristics

Brand Laser device Laser type
Trumpf TruFiber 500 Fiber
Adjustable power range (W) Wavelength nm Beam quality (M?)
15-500 10757 1.2+0.1
Brand Laser machine
Trumpf Trulaser Cell 3000
Max. axis
. Max. axis speed Positioning )
Axis travel range (X ] acceleration
. simultaneous accuracy (X/Y/2) .
/Y/Z)inmm . . simultaneous
(m/min) in mm )
(m/s?)
800 / 600 / 400 85 0.015 17
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3.3 Laser cutting tests

The laser cutting tests were performed by Trumpf together with an application report that, for
confidentiality reasons, does not have public access. However, some parts of this report are
based on the results achieved in that report and it even utilizes some information present on it.

The laser cutting tests were performed by Trumpf and, for that reason, it was opted to start the
first tests (test 1) using the suggested laser cutting parameters by Trumpf. After this, the next
performed tests intended to compare were on how the change of some parameters affects the
cut quality, thus the selected laser parameters to change were the parameters that had the
highest influence in the cut quality according to the literature, being chosen to change the laser
power (W), cutting speed (mm/min), assist gas pressure (bar) and pulse duration (ms).

To observe how each selected laser cutting parameter affects the cut quality, it was opted to
change them individually by increasing 20% and decreasing 20% from the suggested values. For
each test, they were performed three samples in order to reach the intended level of confidence,
intending to test the repeatability of the process. Due to the big differences regarding the
geometric dimensions between the outer contour and the small inner features, the used
parameters had to be different for these geometries.

Given the fact that the suggested laser peak power for the outer contour was 500 W and that the
maximum laser power of the Trufiber 500 is also 500 W, it was not possible to increase the laser
power in the outer contour. In addition, the pulse duration parameter was not directly
programable in the Laser Technology Table and, for this reason, it was not possible to perform
the tests changing the pulse duration. In order to prevent oxidation during the laser cutting
operation, it was opted to use nitrogen (N2) as assit gas with a 1.7 mm diameter nozzle.

The focal position was the same during all the contour and it was used a focal position of O,
meaning that the focal point was placed on the upper surface of the metal sheet. It needs to be
highlighted that throughout the report, when mentioning the upper surface, it concerns the
surface that was facing up during the laser cutting process and when mentioning lower surface,
it concerns the surface that was facing down during the laser cutting process. This focal position
translated in a distance of the laser nozzle to the metal sheet of 0.35 mm. The beam caustic shape
in the focal point for the used zoom is visible in Figure 17, where it is possible to see that the
beam diameter in the focal point is approximately 40 um. It is also possible to observe that when
positioning the focal point on the top surface when cutting a 0.4 mm thickness sheet, the
theoretical kerf width is also approximately 40 pum.

The parameters used in the different tests are specified in Table 5, where the parameters that
changed in each test are in bold.
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Figure 17 - Beam caustic shape Trumpf 2020

The piercing operation to start the cutting operation used some different parameters, more
specifically the focal position that was changed to -2 mm, the assist gas pressure used was the
same pressure of 18 bar for the whole geometry, and a nozzle distance to the metal sheet of 4
mm was selected. The piercing operation time was 0.1 s.

Table 5 - Used laser cutting test parameters

i Pul
Peak Cutting Gas uise Performed
Geometry ower (w) speed pressure frequency analvsis
B (m/min)  (bar) (Hz) E
Small Max. 0,3 Max. 24
80 500
holes Min 0,06 Min. 22
Test 1 Outer SEM, HAZ
3 500 20 15 20000
contour
Small Max. 0,3 Max. 24
96 500
holes Min 0,06 Min. 22
Test 2 Outer SEM, HAZ
! 500 20 15 20000
contour
Small Max. 0,3 Max. 24
64 500
holes Min 0,06 Min. 22 HAZ,
Test 3 .
Outer Microhardness
400 20 15 20000
contour
Small Max. 0,36 Max. 24
Test4 80 500 SEM
es holes Min 0,07 Min. 22
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Out
uter 500 24 15 20000
contour
Small Max. 0,24 Max. 24
80 500
holes Min 0,05 Min. 22
Test 5
Quter
500 16 15 20000
contour
Small 80 Max. 0,3 24 500
holes Min 0,06
Test 6 Out SEM
uer 500 20 18 20000
contour
Small Max. 0,3 Max. 19
ma 80 x ax 500
holes Min 0,06 Min. 18
Test 7
Quter
500 20 12 20000
contour

3.4 SmartScope analysis

To analyze the samples’ dimensions, it started by using a Smartscope CNC 250 that creates a 3D
cloud points model of the samples. The Smartscope is placed in a controlled temperature and
humidity room, in order to prevent the samples from expanding or contracting during the
analysis and thus eliminating another factor from affecting the final results. The description of
this process is described in Table 6.
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Figure 18 - Smartscope CNC 250

Table 6 - Samples analysis procedure using the SmartScope

Procedure

Representation

Before starting the analysis of every sample,
each one was previously cleaned using
compressed air, in order to avoid the presence
of any dust particles that could potentially
affect the results. The cleaning of the samples
could be improved by using an ultrasonic bath
in acetone. However, in order to not influence
the future tests and to not do an excessive
cleaning that could also remove some burrs or
molten material attached during the laser
cutting process, it was opted not to go for this
route. In order to have the minimal variations
on the analysis of the samples, it was opted to
analyze all the samples with the lower surface
of the samples turned up, since theoretically,
it was the surface with the poorer cut quality,
as it was observed. With the positioning of the
samples with the lower surface facing up,
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there is a smaller risk of the backlight of the
Smartscope blending with some molten
material attached in that surface, that could
potentially  result in an incorrect
measurement of the samples.

One important step in this analysis is the
correct clamping of the samples on the
benchtop of the machine, given the fact that
the benchtop moves on two axis (X and Y) and
a faster acceleration of it can induce a slight
displacement of the sample on the benchtop
and, thus, produce an error on the sample
analysis. Two different approaches were
done:in the first one, the sample was clamped
against the benchtop glass, however, due to
the limitation of the clamping mechanism, it
was not possible to achieve a totally flat
sample, hence during the analysis of the
sample in the Smartscope it was required to
do several zoom compensations throughout
the analysis of the sample, since the backlight
of the Smartscope would start to blend with
the sample edge. This was improved with
placing an acrylic piece underneath the
sample. This chosen piece was narrower than
the samples to avoid the presence of some
visible burr on the pilot holes between the
sample and the acrylic piece, aiming to have
the samples as flat as possible. It was also
used another clamper in the middle of the
sample in order to have a flatter sample.
However, it was not possible to obtain a
totally flat sample, especially on the inner
contour, since this part was not clamped itself
and the whole metal sheet had a slight
curvature probably caused by the fact that it
was provided from a roll. The use of this
acrylic piece also had some downsides, since
it was not a completely homogeneous piece,
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due to the presence of some holes, as it will
be possible to see ahead.

After the sample has been cleaned and
properly clamped, it was time to start
analyzing the sample using the Smartscope.
For this, a first manual zoom adjustment on an
edge of the sample is done manually, using
the Smartscope controllers and after a finer
zoom adjustment has been done using the
software function. Having the correct zoom, it
was proceeded to the back light adjustment in
order to achieve a light value on the software
of approximately 50% since a too high or too
low light would result in an incorrect
measurement of the sample. After the
previous steps have been done, it was time to
select the edge to analyze. This was
performed by selecting two points, both
closer to the edge intended to analyze. These
points consist of a start point and an end point
where the end determines the direction of the
automatic analysis. After this, the software
detects the limits between the back light,
represented in the figure as white, and the
samples are represented in the figure as black.
After detecting this limit, the software
generates a series of points throughout the
analyzed area. After this, the software
automatically moves the benchtop
throughout the edge until it reaches an
obstacle or until it comes back to the starting
point. During the analysis of some samples,
the Smartscope started doing some loops
around some edges, because it would
encounter one type of this obstacles and
could not return to the starting point. With
this series of points, the software generates
the 3D model of the analyzed piece.

During the analysis of several samples, there
were found problematic areas to analyze due
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to the presence of small particles of molten
material between the kerf, as it is possible to
see in the figure. For this reason, some of the
3D models created by the Smartscope have
some small zones without points. Therefore,
in the measurement of these samples it was
avoided to use these zones to measure.

41

Another limitation during this analysis was
due to the used of clamping mechanism,
which was caused by the location of the
middle clamper, that created in some samples
a dark zone where it was not possible to
analyze with the Smartscope, as it is possible
to observe in the figure. However, the use of
this clamper in this location was essential in
order to provide a sample as flat as possible
for this analysis.

3.5 Polyworks analysis

Having the 3D model of the samples produced in the Smartcope, it was followed by the
measurement of those models. This measurement was performed with the PolyWorks software

with the procedure being described in Table 7.

Table 7 - Sample analysis procedure in Polyworks

Procedure

Representation

The 3D model created by the Smartscope is
imported to Polyworks as points’ cloud and it
can either be selected as a surface or as a
boundary object.

In order to make the measurement of the
samples easier and faster, it was opted to
align the samples on the same position every
time. For this, it was imported a CAD file of the
Ultron Guard prototype, where only the pilot
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holes would be used in order to perform the
alignment of the 3D model samples.

To minimize measurements deviations
between certain edges or even between
samples, it was performed a scaling of the
points along the Z axis since the Smartscope
changes the Z coordinate every time a focus
was performed, as it is possible to observe in
the picture. After this scaling along the Z axis,
the points of the 3D model samples were all
almost in the same XY plane.

Having the two components inserted in
Polyworks, a first rough alignment was
performed manually, selecting one point in
every pilot hole circle of the CAD model, and
in the corresponding pilot holes of the 3D
model of the sample, totaling 8 points.

O

To achieve a better alignment of the 3D model
sample, a finer alignment was performed by
creating circles on the location of the pilot
holes with a diameter slightly bigger than the
pilot holes. With this, it was then possible to
select all the points within that circles and
after using the software function “Best-Fit
Data to reference Objects”, the 3D model of
the sample was automatically aligned in a way
that those selected points would fit the best
around the pilot holes of the CAD object.

In order to measure the desired dimensions, it
was created a rectangle surrounding the
points of an intended edge to measure as it is
possible to see in the first picture. After this,
the points within the rectangle were selected
and, using these points, it was created a line
that best fitted in these points.

The same strategy was done to create lines on
every edge intended to measure.

A similar strategy was done in order to
measure circles’ diameter but, instead of a
rectangle surrounding the pretended points,
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it was opted to use a circle, which is the case
of the biggest circle on the second picture,
and instead of creating a line that fit those
points, it was created a circle as well, which is
the case of the smaller circle on the second
picture. With this, it was then possible to
measure the distances between the intended
lines or circles.

After analyzing more carefully how the
software  performs the measurement
between two distances, it was observed that
this measurement was done by calculating the
distance of a perpendicular line to the first
selected line to the middle of the second
selected line, as it is possible to see in the
picture.

In order to observe if this type of
measurement had a significative impact on
the measured distances, it was performed
another type of measurement where it was
created an average point of the selected
points within the rectangles instead of the line
and, after, it was measured the distances
between the points. These different types of
measurements were performed in different
distances to ensure that there was no
inconsistency between the results.

With the previous alignments done, it was
possible to ensure that all the 3D models of
the samples would be positioned really close
between each other, whereby the location of
the rectangles and circles created to select the
used points to perform the measurements
would be accurate enough to include all those
points. Due to this, it was possible to create a
macro script to perform all the previous steps
automatically. In the analysis of every sample
3D model, it was ensured the correct
positioning of those rectangles and circles in
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order to make sure that all the measurements
were correct.

At the end of every sample analysis, it was
created a PDF report Microsoft Excel® report
to later calculate the average dimensions of
the tests.

Regarding the measuring of the holes’ diameter, it was observed that the used method could be
inducing a small variation on the dimensions due to a usual problem close to the starting point
of the laser operation. In order to test this, it was opted to do a new measurement of these holes,
this time doing a manual selection of the intended points to analyze, discarding the points that
belonged to that problematic area close to the starting/ending point (Figure 19) and compare it
to the other method (Figure 20). When comparing both methods, it is possible to see that the
dimensions’ variation was really small, whereby it was opted to use only the automatic points
selection.
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Figure 19 - Circle diameter measurement using Figure 20 - Circle diameter measurement using
manual selection of points automatic selection of points

3.5.1 Microstructure analysis

The analysis of the microhardness and microstructure was performed in order to analyze
how different laser cutting parameters and different cutting geometries influence the
heat affected zone (HAZ). For this reason, it was opted to etch the samples using a cross
section that went across the outer geometry and the smaller inner features, as it is
possible to see in Figure 21.

The analysis of the microstructure was made in three different samples, being these the
samples performed in the test carried out with the suggested laser cutting parameters,
the test with the highest laser power and with the lowest laser power, since according
to the literature these are the parameters that have the biggest influence in the HAZ.

=

Figure 21 - Cross section location

The preparation procedure of the samples in order to analyze the microstructure and
microhardness started by etching the samples close to the intended zone, avoiding
cutting too deep into the intended holes to analyze. After the samples were embedded
in epoxy (Figure 23) to later carefully grind them until the cross section was in the correct
location (Figure 22).

This was followed by a polishing process of different steps in order to achieve a surface
free of scratches for the microstructure analysis. The polishing procedure started with a
fine grinding using a 6 um grit, followed by 3 um and a 1 um grit. The final polishing step
was done using a 0.25 um grit.
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Figure 22 - Detail embedded cross section

Figure 23 - Embedded sample

The etching of the samples was performed using Lichtenegger and Bloch color etching
solution, where austenite turns brown. The observation of the microstructure was
performed on the microscope. In order to have a better idea of the dimensions of the
HAZ, it was analyzed the microstructure of the samples using SEM, where it was possible
to distinguish the base metal with the presence of deformation marks induced in the
rolling process of the metal sheet from the HAZ where these marks were not visible.

However, since there was not a significant difference in the microstructure between the
samples analyzed on the microscope, only the sample performed with the suggested
parameters and the sample performed with the higher laser power were analyzed on
the SEM.
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4  RESULTS
4.1 Laser cutting tests analysis

In the tests, the fixation of the metal sheet in the TruLaser Cell 3000 working area was done using
magnets and a jig underneath the metal sheet, as it is possible to see in Figure 24 and Figure 25.

The jig geometry was an offset of the Ultron Guard prototype with 1.5 mm clearance to the
cutting edge but, in some areas, this clearance was smaller, reaching only 0.2 mm in some zones
(Figure 24). This resulted in the accumulation of splatter that was improved in the second fixation
method, which only used magnets to fix the metal sheet without jig and, for this reason, the tests
were performed using this second method.

Figure 24 - Jig clearance Figure 25 - Used jig

4.1.1 Laser path

Due to the geometry of the prototype, the cut of the geometry was produced in different steps
as itis possible to see in Figure 26, where each zone marked with a different color represents one
different step. In this figure, the pilot holes and smaller inner features are not marked since they
automatically require independent laser paths. This type of path created some defects that will
be addressed ahead.

Feasibility study of combining laser cutting with cold forming in a production line Pedro Filipe da Mota Preto



RESULTS 50

Figure 26 - Different laser path steps

4.1.2 Laser cutting tests

The performance of the tests was monitored online and also throughout a video, where it was
possible to see some relevant aspects and, when analyzing the video of the laser cutting
operation of a sample without the jig, it was possible to see a problem. In Figure 27 and Figure
28, it is possible to see how the fixation of the metal sheet was made.

This problem is caused by the bending of the metal sheet under the assist gas pressure effect. In
Figure 27, it is possible to see the metal sheet before being under the effect of the assist gas
pressure, and in Figure 28 it is possible to see the metal sheet under the influence of the assist
gas pressure. Observing the marked area in both figures, it is possible to see the presence of a
shadow between the metal sheet and the metal plate in Figure 28, caused by the bending effect
of the metal sheet. The flexion of the metal sheet during the laser cutting operation translates
into a different focal position than the initially determined, meaning that the cut will be
performed in less effective zone and will also translate into a wider kerf than the expected. This
question will be later approached.
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Figure 27 - Metal sheet before assist gas pressure Figure 28 - Metal sheet after assist gas pressure influence
influence

4.1.3 Naked eye observation

The observation of the samples at the naked eye allowed to see a significative difference between
the upper and lower surface of the samples during the laser cutting process. As it is possible to
observe in Figure 29, the upper side of the samples presents a very clean surface, as well as
smooth cut edges. It was also possible to see a slightly different curvature between the inner
contour and the rest of the metal sheet, but this was probably caused by different stress levels
induced during the storage of the metal sheet in a roll. When analyzing the lower surface, as it is
possible to see in Figure 30, it is visible some oxidation on the cut edges, as well as some burr
attached on the pilot holes. The cut quality looks pretty good without any visible burrs, except
for the one on the pilot holes.

Figure 29 - Sample 2 of the test 6 (upper surface) Figure 30 - Sample 2 of the test 6 (lower surface)
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4.2 Samples dimensions

To make the analysis of the dimensions and of some observed problems, it is easier if the
geometry is divided into two different parts, being one the general outer contour (Figure 31) and
the other the pilot holes and the inner slot and corresponding holes (Figure 32).

Sa—
J o
s T
Y
| -
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Figure 31 - Geometry outer contour Figure 32 - Geometry pilot holes and inner features

In Figure 33 it is possible to see the location of the dimensions of the pilot holes and inner
features analyzed in the following two tables. In Table 8 are specified the nominal dimension
values and the average dimensions obtained from the three samples of each test.

In Table 9 it possible to see the average deviations of each dimension in relation to the nominal
values. These average deviations were calculated using the absolute value of each deviation
obtained from the three samples of each test, in order to reach a more correct value, since some
deviations were positive and other ones were negative, something that would lead to an average
deviation value smaller than the real one. To have a better idea of the dimensions that were not
within the required tolerance of 20 um, these dimensions were marked as it is possible to see in
Table 9.
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Figure 33 - Pilot holes and inner slot and holes distances and circles

Table 8 - Pilot holes and inner slot and holes average dimensions

Average dimension (mm)

Object Nominal

) Control . . Testl Test2 Test3 Test 4 Test5 Test6 Test7
Name dimension
cirde5  Diameter 2.0000 19791 19784 19801 1.9801 19792 1.9793  1.9807
circle 5 X 18.5000 184994 18.4962 18.4945  18.4945 185009  18.4994  18.4967
circle 5 y 55.4000 553975 553964 553913 553913 553960 553972  55.4004
cirde6  Diameter 2.0000 1.9785  1.9785  1.9801 1.9801 19787 19788  1.9784
circle 6 X 18.5000 184864 18.4879 184912  18.4912 184887 184871  18.4845
circle 6 y 18.5000 184160 18.4134 184108  18.4108 184157  18.4144  18.4142
distance 3D 36.9815 369830 36.9805 369805  36.9803  36.9827  36.9862

1 Distance 37.0000 : ’ : ’ : ’ :
cirde7  Diameter 2.0000 1.9665  1.9670 19698  1.9698 19696  1.9681  1.9728
circle 7 X 18.5000 185000 18.4998 18.4964  18.4964 185007 185010  18.5012
circle 7 y 18.5000 184015 18.4020 18.4082  18.4082  18.4023 183993  18.3987
cirde8  Diameter 2.0000 1.9691  1.9681  1.9702 1.9702 19696  1.9693  1.9709
circle 8 X 18.5000 184854 18.4909 18.4936  18.4936  18.4873  18.4918  18.4855
circle 8 v 55.4000 553869 55.3878 553894 553804 553846 553874  55.3888
distance 3D 37.0000 36.9853 36.9858 36.9811 369811  36.9823  36.9881  36.9901

2 Distance
distance 3D

. 37.0000 36.9864 369876 36.9877 369877  36.9895  36.9881  36.9857

3 Distance

distance 3D
. 37.0000 36.9849 369871 36.9881 369881  36.9882  36.9912  36.9823

4 Distance

cirde 11 Diameter 0.2000 01686 01675 01665  0.1665  0.1677  0.1663  0.1714
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circle 11 X 0.0000 0.0187 0.0154 0.0283 0.0283 0.0171 0.0117 0.0153
circle 11 Y 55.8500 55.8401  55.8328 55.8356 55.8356 55.8362 55.8385 55.8390
circle 13 Diameter 0.2000 0.1678 0.1743 0.1614 0.1614 0.1698 0.1680 0.1702
circle 13 X 0.0000 0.0103 0.0099 0.0114 0.0114 0.0083 0.0086 0.0051
circle 13 Y 18.8500 18.8480 18.8462 18.8478 18.8478 18.8483 18.8407 18.8436
circle 15 Diameter 0.4000 0.3902 0.3951 0.3910 0.3910 0.3904 0.3908 0.3914
circle 15 X 0.0000 0.0055 0.0027 0.0084 0.0084 0.0032 0.0033 0.0026
circle 15 Y 23.1500 23.1587  23.1579 23.1584 23.1584 23.1566 23.1525 23.1554
circle 17 Diameter 0.4000 0.3917 0.3965 0.3909 0.3909 0.3880 0.3918 0.3900
circle 17 X 0.0000 0.0163 0.0095 0.0169 0.0169 0.0155 0.0110 0.0119
circle 17 Y 60.1500 60.1427  60.1412 60.1513 60.1513 60.1375 60.1407 60.1449
diStZasnce Disf:nce 0.3000 02678 02693 02729 02729 02683 02683  0.2677
distance 3D 02683 02696 02725 02725 02670  0.2675 0.2674

24 Distance 0.3000
distance 3D 21.131 21.086
25 Distance 21.1000 21.1533 0 21.1060 21.1060 21.1296  21.1253 5
distance 3D 58.092 58.076
% Distance 58.1000 58.1238 7 58.1020 58.1020 58.1083 58.1145
Table 9 - Pilot holes and inner slot and holes average deviations
Average deviation (mm)
Object Name Control Testl Test2 Test3 Test4 Test5 Test6 Test7
circle 5 Diameter | | | 0.0193
circle 5 X 0.0023 0.0046 0.0059 0.0035 0.0029 0.0013 0.0033
circle 5 Y 0.0035 0.0037 0.0087 0.0036 0.0051 0.0034 0.0023
circle 6 Diameter | | | |
circle 6 X 0.0136 0.0121 0.0088 0.0122 0.0113 0.0129 0.0155
circle 6 Y 0.0160 0.0134 0.0131 0.0189 0.0157 0.0144 0.0142
distance 1 3D Distance  0.0185 0.0170 0.0195 0.0197 0.0173 0.0138
circle 7 Diameter
circle 7 X 0.0025 0.0014 0.0037 0.0022 0.0010 0.0022 0.0019
circle 7 Y 0.0055 0.0028 0.0082 0.0021 0.0053 0.0025 0.0033
circle 8 X 0.0146 0.0091 0.0071 0.0131 0.0127 0.0082 0.0145
circle 8 Y 0.0131 0.0122 0.0106 0.0157 0.0154 0.0126 0.0112
distance 2 3D Distance  0.0147 0.0142 0.0189 0.0174 0.0177 0.0119 0.0099
distance 3 3D Distance  0.0136 0.0124 0.0123 0.0131 0.0105 0.0119 0.0143
distance 4 3D Distance  0.0151 0.0129 0.0119 0.0115 0.0118 0.0088 0.0177
circle 11 Diameter
circle 11 X 0.0187 0.0154 0.0169 0.0171 0.0117 0.0153
circle 11 Y 0.0099 0.0172 0.0144 0.0146 0.0138 0.0115 0.0110
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circle 13 X 0.0103 0.0099 0.0114 0.0115 0.0083 0.0086 0.0051
circle 13 Y 0.0020 0.0051 0.0055 0.0014 0.0017 0.0093 0.0064
circle 15 Diameter 0.0098 0.0049 0.0090 0.0098 0.0096 0.0092  0.0086
circle 15 X 0.0055  0.0027 0.0084 0.0038 0.0032 0.0033 0.0026
circle 15 Y 0.0087 0.0079 0.0084 0.0088 0.0066 0.0025 0.0054
circle 17 Diameter 0.0083  0.0035 0.0092 0.0099 0.0120 0.0082  0.0100
circle 17 X 0.0163 0.0095 0.0169 0.0140 0.0155 0.0110 0.0119
circle 17 Y 0.0073  0.0088 0.0155 0.0102 0.0125 0.0093  0.0051
distance 23 3D Distance

distance 24 3D Distance

distance 25 3D Distance

distance 26 3D Distance 0.0185 0.0061 0.0100 0.0125 0.0198

Analyzing the pilot holes dimensions, it is possible to state that, even though the majority of the
dimensions are not within the required tolerances, the dimensions for the same pilot holes are
really close between the tests, varying only a maximum of 3 um. However, it is possible to see an
approximately 10 um variation between the pilot holes between sides.

This phenomenon was probably related to a slight deviation of the metal sheet in the support to
one of the sides, causing that side to suffer more bending or due to a constant deviation of the
axis motion system. It was also possible to observe a rougher area close to the starting/ending
point marked on Figure 34, that was possibly caused by a piercing position too close to the circle
edge that lead to an accumulation of molten material on the lower surface, as it is possible to see
in Figure 35, whereby lead to a heat transference between the molten material and the metal
sheet, increasing the temperature of the base metal temperature in that area, and/or also due
to a not proper approach curvature from the piercing point to the circle edge, that lead to a high
temperature increment of the material in that zone.

When still observing the pilot holes geometry obtained on Polyworks, it was also possible to
observe a slight ovalization of the same, where the geometry of the hole was tighter along the X
axis and had the correct dimensions along the Y axis, as it is also possible to see in Figure 34 and
Figure 34, when comparing that circle with theoretical circle of the CAD file, this lead to the
dimensions of the pilot holes being smaller than expected. In Figure 36, it is possible to see that
the upper surface presents a clean cut edge with no oxidation nor visible signs of heat affected
zone. Furthermore, it is seen a slight deviation on the circle contour close to the starting/ending
point area.
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Figure 35 - Microscopic picture of the lower surface of the
pilot hole 8 of the sample 1 of the test 4 (100x enlarged)

Figure 36 - Microscopic picture of the upper surface of the pilot hole 8 of the sample 1 of the test 1 (100x enlarged)

When analyzing the inner holes dimensions, more specifically the holes with 0.4 mm diameter, it
is possible to see that the samples performed with the higher laser power (test 2) achieved a
considerable improvement, having about half the deviation achieved in the other tests.

In resemblance to the pilot holes, it was observed the ovalization of the holes, as it is possible to
observe in Figure 37 and Figure 38, and a rougher area close to the starting/ending point also
probably due to the same causes.

In these holes, there was also a preponderance of molten material attached along the hole
contour, as it is possible to see in Figure 38. This may be caused by a combination of a less
effective gas effect to eject the molten material with a less effective laser beam, due to a different
focal point caused by the flexion of the metal sheet. In some of these holes, it was also visible
large amounts of molten material close to the starting/ending point area, possibly caused by the
proximity of the piercing point that lead to the first initial molten, that is harder to expel, to be
attached in that zone, as it is possible to observe in Figure 39. In some samples, it was visible
some splatter around the hole, as it is possible to see in Figure 40.
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Observing Figure 41, it is possible to see a much smoother cut edge with a small zone of oxidation

near the starting/ending point area, where it is also visible a small amount of molten material on
the cut edge.

Figure 38 - Microscopic picture of the 0.4 mm hole (sample
2, test 1) (200x magnification)

Figure 39 - Microscopic picture of the 0.4 mm hole (sample Figure 40 - Microscopic picture of the 0.4 mm hole (sample
2, test 1) (200x magpnification) 1, test 1) (200x magnification)

Figure 41 - Microscopic picture of the 0.4 mm hole (sample 1, test 1) (200x magnification)
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Besides that, it was even observed one incomplete hole as it is possible to see in Figure 42, which
for that reason, all the dimensions related to that hole were not used to calculate the average
dimensions and deviations.

In this figure, it is possible to observe the laser course, where in the middle of the piercing point
it is visible a significant amount of molten material. It is also visible an increase on temperature
close to the starting/ending point demonstrated by the color of the surface oxidation. Lastly, in
this hole it is visible that the incomplete cut could be avoided by changing the ending point to a
later position, where the cut was already previously affected.

It must be highlighted that this was the only sample where this problem occurred. This may have
happened due to the combination of different factors such as the flexion of the metal sheet
during the cutting process, due to gas pressure that lead to the change of the focal point and,
thus, decreased the effectiveness of the laser beam, or also due to a defective actuation of the
clamping mechanism. For this reason, all the measurements related to this circle were not
considered when calculating the average dimensions and deviations.

Figure 42 - Microscopic picture of the hole 17 of the sample 2 of the test 3 (200x magnification)

On the smaller holes, with a diameter of 0.2 mm, it was observed similar problems as the ones
on the previous holes, but in these ones these problems were more evident. As it is possible to
see in Figure 43 and Figure 44, the hole presents a considerable level of ovalization similar with
what was already seen on the holes since the holes presented again shrank along the X axis and
with normal dimensions along the Y axis, having a big contribution to the measured diameter,
which was on average significantly smaller than what was intended.

However, these holes presented a more irregular shape, not only related to the presence of
molten material along the cut edge, but also probably due to the laser axis motion system, as it
is possible to see in Figure 44.
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Figure 43 - 0.2 mm hole (sample 1 of the test 4) Figure 44 - Microscopic picture of the hole 17 (sample 1 of
the test 4) (200x magnification)

Another visible difference when analyzing these holes was the bigger quantity of splatter
attached on the lower surface, as it is possible to see in Figure 45.

When observing the upper surface, it is observed the presence of molten material all around the
cut edge, as it is possible to see in Figure 46. This was caused by the increase of localized heat in
that area, leading to an insufficient cooling by the assist gas, as well as insufficient material
capacity to conduct that heat. This is once again more pronounced close to the starting/ending
area, where the molten material was dragged further away from the cut edge by the assist gas.

Figure 45 - Microscopic picture of the hole 17 (sample 1 of Figure 46 - Microscopic picture of the hole 17 (sample 1 of
the test 1) (200x magnification) the test 1) (200x magnification)

Regarding the inner slots (Figure 47), the measured dimension was determined by the distance
between the parallel edges, where it was observed a dimension significantly inferior to the
expected one. However, once again the dimensions remained similar between the different tests.

The observation of the Figure 47 and Figure 48 allow to see that the cut edge was pretty smooth,
however in Figure 49 and Figure 50, it is visible small amounts of burr and molten material
attached to the cut surface. Analyzing the upper surface, it is observed once again a smooth cut
edge, but it is also visible a small deviation of the cut line on the bottom part of the semicircle.
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Figure 47 - Inner slot (sample 3 of the test 2)

Figure 48 - Microscopic picture of the upper surface of the
inner slot of the sample 2 of the test 1 (200x
magnification)

Figure 49 - Microscopic picture of the lower surface of the Figure 50 - Microscopic picture of the lower surface of the
inner slot (sample 1 of the test 4) (200x magnification) inner slot (sample 2 of the test 1) (200x magnification)

In Figure 51 it is possible to see the location of the dimensions of the outer contour analyzed in
the following two tables. Similar to previously referred, Table 10 specify the nominal dimension
values and the average dimensions obtained from the three samples of each test, and in the
Table 11 it possible to see the average deviations of each dimension in relation the nominal
values.

These average deviations were again calculated using the absolute value of each deviation
obtained from the three samples of each test. The dimensions that were not within the required
tolerance of 20 um were marked, as it is possible to see in the Table 11.
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Figure 51 - Outer contour dimensions

Table 10 - Outer contour average dimensions

Average dimension (mm)

(I)\Il;j:: Control d’i\lr::::izln Testl Test2 Test3 Test 4 Test5 Test6 Test7
Distance 5 Disf:nce 35.2000 35.2198 35.2116  35.2192  35.2192 352211  35.2143  35.2105
Distance 6 Dis?fnce 32.6000 32,5943 32,5958 32.5942 32,5942  32.5984  32.5994  32.6006
Distance 7 Disffnce 32.6000 32.5918 32,5938  32.5901 32,5901  32.5953  32.5972  32.6005
Distance 8 Disi_?nce 32.6000 32.5978 32,5965 32.5985 32,5985  32.6006  32.6010  32.5956
Distance 9 Dis?fnce 32.6000 32,5958 32,5951 32.5946  32.5946  32.5970  32.5986  32.5942
Distance 10 Disf:nce 72.2000 72.2005 72.1969  72.1980  72.1980  72.2002  72.1968  72.1993
Distance 19 Dis?fnce 32.6000 32,5960 32.5952 32,5950 32,5950  32.5971  32.5989  32.5943
Distance 20 Disf:nce 35.2000 35.1998 35.2034 35.2044  35.2044 352021  35.2007  35.1980
Distance 21 Disf:nce 32.6000 32.5944 32,5961 32.5943 32,5943 32,5989  32.5994  32.6009
Distance 22 Disi_?nce 35.2000 35.2194 35.2111 35.2190  35.2190  35.2203  35.2142  35.2100
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Table 11 - Outer contour average deviations

Average deviation (mm)

Object
Control Test1l Test 2 Test3 Test4d Test5 Test6 Test?7
Name
. 3D
Distance 5 . 0.0198 0.0116 0.0192 0.0168 0.0211 0.0143 0.0105
Distance 6 . 3D 0.0057 0.0042 0.0058 0.0020 0.0021 0.0009 0.0017
Distance
3D
Distance 7 . 0.0082 0.0062 0.0099 0.0042 0.0047 0.0028 0.0037
Distance
. 3D
Distance 8 . 0.0022 0.0035 0.0015 0.0022 0.0020 0.0018 0.0044
Distance
. 3D
Distance 9 . 0.0042 0.0049 0.0054 0.0016 0.0030 0.0016 0.0058
Distance
3D
Distance 10 . 0.0106 0.0075 0.0041 0.0073 0.0035 0.0045 0.0007
Distance
Distance 19 . 3D 0.0040 0.0048 0.0050 0.0016 0.0029 0.0014 0.0057
Distance
Distance 20 . 3D 0.0008 0.0034 0.0054 0.0028 0.0021 0.0024 0.0025
Distance
Distance 21 ) 3D 0.0058 0.0039 0.0057 0.0017 0.0021 0.0009 0.0017
Distance
Distance 22 . 0.0194 0.0111 0.0190 0.0158 0.0203 0.0142 0.0100
Distance
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Regarding the outer contour, it is possible to see that only two dimensions exceed the tolerances,
and again all the dimensions are really close between the whole tests. Analyzing more carefully
the samples on Polyworks and on the microscope, it was possible to observe that the majority of
the cut edges were smooth (Figure 52), but nevertheless there were still found some regular and
some unusual problems.

One usual observed problem in some samples was the presence of burr in some areas, as it is
possible to see in Figure 53. It was also observed in some samples the presence of molten

material attached on the cut surface, as it is possible to see in Figure 54.
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Figure 52 - Microscopic picture of the lower surface of the Figure 53 - Microscopic picture of the lower surface of the
inner slot (sample 2 of the test 3) (100x magnification) inner slot (sample 2 of the test 3) (200x magnification)

Figure 54 - Microscopic picture of the lower surface of the inner slot (sample 2 of the test 3) (200x magnification)

Regarding the only dimensions that surpass the required tolerances, it is possible to see in the
Annex 11 that the sample 1 of the test 5 is the only one sample that is surpassing the required
tolerances by a significant amount, whereby it was analyze more carefully the edges used to
determine those dimensions on Polyworks (Figure 57) and on the microscope (Figure 55).

As it is possible to observe, the cut edge presents an undulation pattern on the zone used to
measure. However, moving along that edge towards the right side, it was possible to see that the
undulation was absent (Figure 56), suggesting that this was not caused by a factor related to the
laser cutting process, but probably something related to the fixation of the metal sheet during
the process, which may have caused the vibration of the metal sheet in that zone. It must be
highlighted that distance 5 and 22 are the same, but using different measuring methods.
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Figure 55 - Undulation zone on the lower surface (sample
1 of the test 5) (200x magnification)

) ‘ il 4
Figure 56 - Microscopic picture of the lower surface

(sample 2 of the test 5) (200x magnification)
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Figure 57 - Detail of edge with undulation

One usual problem observed caused by the path of the laser, as it is possible to see in Figure 58
and Figure 59, where there is a zone where the cut was not continuous, occurs on the zone where
the laser crosses from the inner geometry to the outer one to perform the loop. This was
observed in most of the zones where this was done.

Figure 58 - Microscopic picture of the not continuous cut Figure 59 - Microscopic picture of the not continuous cut
zone of the upper surface (sample 1 of the test 1) (200x zone of the lower surface (sample 1 of the test 1) (200x
magnification) magnification)

Observing the obtained deviations in the Table 9 and in the Table 11, it is possible to see that
there is not a significant difference between the different tests or even between the samples of

the same tests.
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A bigger difference in the dimensions could be expected in the tests performed with a higher and
lower cutting speed, due to the higher and lower demand, respectively, required on the axis
motion system. However, among these tests there was not a significant difference. It is also
possible to state that all dimensions of the outer contour are within the required tolerances.
However, when analyzing the pilot holes, inner slot and holes, most of the diameters were not
within the required tolerances, with the holes having constant geometry defects.

As already mentioned before, the metal sheet suffered some deflexion during the laser cutting
operation, being that for this reason the middle of the metal sheet was further away from the
laser nozzle and thus, due to the laser beam caustic shape, it is expected that the closer to the
middle the cut is, the wider the kerf is. However, analyzing Figure 60, it is possible to see that this
did not happen. Even so, the observed kerf dimensions are still bigger than the expected kerf
with around 40 pm, probably caused by the flexion of the metal sheet.
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Figure 60 - Test 2 sample 1 kerf dimensions

In order to have a more detailed idea of how the samples geometry produced by laser cutting
compares to the original one, it was created a color map showing the deviations between the
CAD file and the point cloud.

A similar procedure to the one explained in Table 7 was carried out to perform the color map of
the deviations between the point cloud and the geometry of the CAD file. For this, it was inserted
a CAD file containing only the cut surfaces, as it is possible to see in Figure 61 and Figure 62.
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Figure 62 - Test 6 sample 2 inner slot color map
Figure 61 - Color map of the sample 2 of the test 6

In the Figure 62, it is possible to have a better idea why most of the slots’ dimensions observed
in Table 9 were not within the required tolerances.

Even though the entire contour presents a smooth and regular edge, it is possible to see that it
is necessary to improve the laser path programming, since the lower edge observed in figure is
aligned with the original geometry and the upper one is lower than the original geometry, making
the slot thinner than intended. In this figure, it is also possible to see how the 0.4 mm diameter
from the sample aligns with the original geometry.

Figure 63 - Test 9 sample 2 angular cut color map
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The linearity and accuracy of the angular cut can be observed in Figure 63, where it proved to be
very accurate. The deviation of the second line to the original geometry concerns to the
difference of the kerf with the distance created on the CAD file, as already mentioned before.
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Figure 64 - Test 9 sample 2 color map detail 1 Figure 65 - Test 9 sample 2 color map detail 2

Figure 66 - Test 9 sample 2 color map detail 3

Analyzing Figure 64 and Figure 65, it is possible to see some problems observed in all the samples,
the first one being caused by the incorrect choice of the laser path, that made the curve with the
largest radius to deviate close to the outer edge, creating a large gap in that zone, as it is possible
to see in Figure 65, where these are the zones with the largest deviations. In Figure 64, it is also
possible to see in the marked area a zone where the laser deviated inwards. However, on the
other side of the samples, as it is possible to see in Figure 66, close to the same zone, the laser
did not create a complete curvature, but it followed a straight line instead.

4.3 SEM analysis

The SEM analysis was performed on the test samples that showed a bigger difference among the
tests observed on the microscope. In these analyses, pictures were taken from different zones of
the samples in order to see how the parameters changes affected the burr formation, heat
affected zone and also the cut quality. To have a better comparison among all the laser cut
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samples and the punched, all pictures where taken in similar areas and using the same
magnification in those areas.

It must be referred that the samples 1 of the test 2 and 1 of the test 4 where not cleaned before
the SEM analysis. However, after analyzing these two samples and observing some dirt residues,
it was opted to clean the punched sample and the sample x of the test 6 in a 5 minutes ultrasonic
bath in acetone.

For this reason, when analyzing the samples of the test 2 and 4, it is possible to see more amounts
of dirt and stains on the surface.

Figure 67 - SEM overview picture of the cut zone of the Figure 68 - SEM overview picture of the cut zone of the
lower surface of the sample 2 of the test 2 lower surface of the sample 1 of the test 4

Figure 69 - SEM overview picture of the cut zone of the Figure 70 - SEM overview picture of the cut zone of the
lower surface of the sample 6 of the test 1 lower surface of the stamped sample

Taking a closer look to a zone of the bottom surface of the samples, it was possible to observe a
significant difference related to the amount of splatter attached to the surface. In Figure 67, it is
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possible to see the presence of some splatter with considerable dimension, reaching around 50
pum.

When observing the Figure 68, it is possible to see a big increase of the presence of splatter.
However, in this test, most of the splatter had really small dimensions (around 1 um) and only
few reached larger dimensions of approximately 20 um, being this preferred.

The test 6, seen in Figure 69, did not present any visible splatter. Comparing the tests, the test 4
had a better performance than the test 2, since the smaller dimensions of splatter will not affect
as much the distance between the guard and the cutter or the wear caused by the splatter. The
test 6 presents the best result of the three analyzed tests, where the increase of the assist gas
pressure increased the effectiveness to eject the molten material, resulting in a splatter free
surface. In the Figure 70 it is possible to observe a cut surface of a punched sample, in this case
the burr is significantly smaller than the produced by laser cut however this was performed by a
relatively new punching tool, being that due to the wear, the burr tends to increase.

[— 11—

Figure 71 - SEM detail picture of the cut zone of the lower Figure 72 - SEM detail picture of the cut zone of the lower
surface (sample 2, test 2) surface (sample 1, test 4)
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Figure 74 - SEM detail picture of the cut zone of the lower
surface of the stamped sample

Figure 73 - SEM detail picture of the cut zone of the lower
surface (sample 1, test 6)
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Analyzing more closely a zone on the bottom surface of a cut edge it is possible to see that Figure
71 presents the smoother cut edge of the three laser cut samples. However, the burr produced
in this test was similar to the burr produce in test 4 (Figure 72) reaching around 50 pm.

It is also possible to see in Figure 72 the presence of small particle of molten material close to the
upper surface, meaning that the increase of speed lead to an insufficient capacity for the assist
gas to eject the molten material. Regarding the burr, the test 6 (Figure 73) achieved the best
result of the laser cut samples, where the burr reached dimensions of approximately 20 um. The
stamped sample (Figure 74) had really small burr, however, it was also possible to see some zones
with a bigger burr.

#
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Figure 75 - SEM picture of the 0.4 mm of the upper surface Figure 76 - SEM picture of the 0.4 mm of the upper surface
(sample 2, test 2) (sample 1, test 4)

Figure 77 - SEM picture of the 0.4 mm of the upper surface (sample 1, test 6)

Observing the 0.4 mm diameter holes on the top surface, it is possible to see that Figure 75 (test
2)is the only test with the presence of splatter around the hole. The results of the test performed
with the highest cutting speed and with the highest assist gas pressure had similar results, not
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having the presence of splatter, but both having molten material dragged outside the hole, close
to the starting/ending zone, as is it possible to see in the Figure 76 and Figure 77. In all samples,
it was also possible to see a usual problem close to the starting/ending zone, where it looks that
the cut was not properly finished. This may be caused by a not correct laser path.

Figure 78 - SEM picture of the 0.4 mm of the lower surface Figure 79 - SEM picture of the 0.4 mm of the lower surface
of the sample 2 of the test 2 of the sample 1 of the test 4

Figure 80 - SEM picture of the 0.4 mm of the lower surface of the sample 1 of the test 6

The analysis of the 0.4 mm diameter holes on the lower surface shows an increase of problems
when comparing to the upper surface. All samples had a significant amount of burr, with the test
2 (Figure 78) having the biggest amount of burr and the test 4 (Figure 79) and 6 (Figure 80) having
similar amounts of burr. However, it is possible to see that the increase of assist gas pressure in
test 6 forced the molten material to go outside the hole, something that was not observed in the
other tests, where some of the burr was leaning to the inside of the burr. It was also possible to
see in the Figure 80 that the increase of gas pressure lead to an increase of splatter on the lower
surface, when comparing to the other tests.

As it is possible to see in the analyzed samples, the variation of some parameters improve some
aspects on the cut quality, but also decrease other ones, whereby it is important to find the most
appropriate combination of parameters in order to have the intended results.
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In the Figure 78, it is also possible to see the dimension of the hole obtained in SEM and, when
comparing it to the dimensions obtained by using the smartscope, the dimensions are very
similar.

VD det
mm  ETD

Figure 81 - SEM picture of the 0.2 mm of the upper surface Figure 82 - SEM picture of the 0.2 mm of the upper surface
of the sample 2 of the test 2 of the sample 1 of the test 4
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Figure 83 - SEM picture of the 0.2 mm of the upper surface of the sample 1 of the test 6

When analyzing the 0.2 mm diameter holes on the top surface, it is possible to see an expected
increase of temperature of the metal sheet in comparison to the 0.4 mm diameter holes, as it is
possible to see by the increase of dragged molten material on the surface.

In similarity to the results observed in the 0.4 mm diameter hole, the test performed with the
highest laser power (Figure 81) had the less amount of dragged molten material, suggesting that
the time required to vaporize the material decreased, thus decreasing the heat conducted to the
rest of the metal sheet. It is also possible to see small amount of splatter present on the metal
surface in the test 2 and 4 (Figure 82), while in test 6 it was observed only one splatter, as shown
in the Figure 83.
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Figure 84 - SEM picture of the 0.2 mm of the lower Figure 85 - SEM picture of the 0.2 mm of the lower
surface of the sample 2 of the test 2 surface of the sample 1 of the test 4
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Figure 86 - SEM picture of the 0.2 mm of the lower surface of the sample 1 of the test 6

Observing the 0.2 mm diameter holes on the top surface, it is possible to see big
differences between the tests. In the test performed with the highest laser power
(Figure 84), it is possible to observe the presence of small amounts of burr (not present
all around the hole) with considerable dimensions, but with a big agglomerate of molten
material in the area close to the starting/ending zone, and also the presence of some
splatter reaching around 40 um.

The test 4 (Figure 85) presents burr all around the hole and some splatter with small
dimensions. The test performed with the highest assist gas pressure resulted in large
amounts of molten material, being forced against the lower surface, as it is possible to
see in the Figure 84 and, in similarity to test 2, it also presents a bigger agglomeration of
molten material close to the starting/ending zone.
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4.4 HAZ analysis

It must be highlighted that in the microscopic pictures of the microstructure, the sample
surface is facing down and the SEM pictures the upper surface is facing up.

441 Outer contour

The observed microstructure of outer edge in the Figure 87, in particular the Figure 88
and Figure 90 shows that both samples achieved a similar HAZ dimension, which was
expected since this edge was cut using the same parameters in both tests, as mentioned
before. The test performed with the lowest laser power (Figure 92) also did not show a
significant difference on the HAZ, being similar to the observed in the other tests.

An interesting result observed in these samples was the fact that the HAZ close to the
upper surface (Figure 89) was significantly bigger than the observed close to the lower
surface (Figure 91), being that in the first zone it reached almost 60 um, and close to the
lower surface it was approximately 30 um.

Figure 89 - Test 1 sample 1 outer edge HAZ
dimension

Figure 88 - Test 1 sample 1 outer edge
microstructure
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Figure 91 - Test 2 sample 1 outer edge HAZ
dimension

Figure 90 - Test 2 sample 1 outer edge
microstructure
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Figure 92 - Test 3 sample 1 - outer edge microstructure

4.42 0.2 mm hole

Comparing the Figure 93 with the Figure 95, it is possible to see a big reduction of the
HAZ with the increase of laser power. This is also visible in the Figure 94, where the HAZ
reached almost 40 um and in the Figure 96, where the HAZ only reached approximately
21 um.

In the SEM pictures, it is also possible to see the presence of a recast layer throughout
the cuts and the dimension of this molten material reached close to twice the dimension
of the test performed with the suggested cutting parameters, reaching approximately
11 pum in this test, and almost 5 um in the test performed with the higher laser power.

Comparing Figure 95 with Figure 97, it is possible to see an increase of the HAZ in the
test performed with the lowest laser power. This corresponds to what was previously
mentioned, being that in the test performed with the higher laser power, the
vaporization of the material occurs faster, decreasing the interaction time between the
laser beam and the metal sheet, thus decreasing the amount of heat conducted to the
metal sheet. Another interesting aspect observed in these pictures is the fact that the
holes present different dimensions on the upper and lower surface.
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Figure 93 - Test 1 sample 1 - 0.2 mm hole
microstructure

microstructure
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Figure 94 - Test 1 sample 1 - 0.2 mm hole HAZ
dimension

Figure 96 - Test 2 sample 1 - 0.2 mm hole HAZ
dimension

Figure 97 - Test 3 sample 1 - 0.2 mm hole microstructure

4.4.3 Innerslot

Comparing Figure 98 with Figure 100, it is not possible to see significant differences
regarding both samples, having a similar HAZ. Taking a closer look, it is possible to see
in the Figure 99 that the HAZ in the sample performed with the suggested laser cutting
parameters reached around 25 um and that the sample performed with the highest
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laser power (Figure 101) reached approximately 30 um. However, in this zone, the
distinction between the base material and the HAZ is not very clear, and thus, this
dimension can be slightly different. The sample performed with the lowest laser power
presents a significant difference on the HAZ, as it is possible to see in the Figure 102,
where the HAZ has almost twice the dimension when compared to the other two
samples.

FD

Figure 99 - Test 1 sample 1 slot HAZ dimension
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Figure 101 - Test 2 sample 1 slot HAZ dimension

Figure 100 - Test 2 sample 1 slot microstructure

Figure 102 - Test 3 sample 1 slot microstructure

4.44 0.4 mm hole

The observation of the 0.4 mm holes performed in the test with the suggested
parameters (Figure 103) and test with the highest laser power (Figure 105) shows similar
results to the previously observed in the slots of the same tests. Observing the SEM
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pictures taken close to the lower surface, it is observed once again that both tests
achieved a similar dimension of the HAZ, being that in test 1 (Figure 104) the HAZ
reached almost 20 um and in test 2 (Figure 106) it reached around 19 um.

It must be referred that the particles observed in Figure 106 are debris that were
probably dragged from the polishing process. In similarity to the previous analyzed
zones, the HAZ observed in the test performed with the lowest laser power (Figure 107)
achieved the highest HAZ when compared to the other analyzed samples

Figure 103 - Test 1 sample 1 - 0.4 mm hole

microstructure Figure 104 - Test 1 sample 1 - 0.4 mm hole HAZ
dimension

LF

Figure 105 - Test 2 sample 1 - 0.4 mm hole Figure 106 - Test 2 sample 1-0.4 mm
microstructure dimension

hole HAZ
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Figure 107 - Test 3 sample 1 - 0.4 mm hole microstructure

4.5 Microhardness analysis

The analysis of the microhardness was performed only in the sample 1 of the test 3,
since it was the analysed sample that has presented the biggest HAZ, and because there
was not a significant difference in the HAZ of the samples.
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Figure 111 - 0.4 mm diameter hole microhardness

Figure 110 - Inner slot microhardness
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When analyzing the microhardness in indentations performed at close distances in the
different analyzed zones, it is possible to see that the microhardness is very similar in all
the four analyzed zones.

This means that the cooling times in these zones are also similar, since it was expected
to have a faster cooling on the outer contour (Figure 108) and a slower one the smaller
the performed hole is (Figure 109). As expected, the indentations performed at a higher
distance from the cut edge than the HAZ dimension previously analyzed obtained a
microhardness value similar to the base material.

4.6 Prototyping

In order to improve the cut quality and achieve the required repeatability of the laser
process, it is required to have a mechanism that positions the metal sheet properly and
guarantees that the metal sheet does not move during the process, also improving the
flexion problem observed in the laser cutting tests.

To accomplish these requirements, 3 prototypes where made, each one having its
advantages and disadvantages. In all the prototypes, the feeding of the metal sheet was
performed using the same mechanism, similar to the already used in the cold forming
process. To do this, it was opted to use a servo roll feeder with an accuracy of 15 um.

Also, in all the prototypes, for the positioning of the metal sheet in the laser machine, it
was opted to take advantage of the pilot holes used in the cold forming production line,
and also position the metal sheet using pilot pins. For this reason, the suggestion for the
future is to first punch the pilot holes to have the required tolerances and repeatability
on them, only after performing the laser cut.

One of the restrictions while developing these prototypes was caused by the dimensions
and the proximity of the laser nozzle to the metal sheet, limiting the location options of
not only the pilot pins, but also of some fixation components. For this reason, it was
discarded the option to use the pilot holes associated to the zone where the laser would
actuate, and it was chosen to use the pilot holes immediately after and before these.

4.6.1 Prototype 1

In this prototype, the metal sheet is fed by the servo roll feeder, entering in an adjustable
pilot pins mechanism where the metal sheet is first guided to the zone where the cut is
performed (Figure 112). After, the metal sheet goes into another adjustable pilot pins
mechanism in order to ensure the correct position of the metal sheet, and to avoid it
from wobbling between the laser cut zone as well.
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Figure 112 - Prototype 1

Each adjustable pilot pins mechanism is actuated by a pneumatic cylinder with a force
of 51 N. Between the two adjustable pilot pin mechanisms, the metal sheet is guided
with two guides on the side that also help to prevent the metal sheet from flexing. It
must be highlighted that the used adjustable pilot pins mechanism is an already existing
mechanism in the company, and thus, it does not require further investment.

When the metal sheet enters the zone where the laser cutting process is going to be
performed, the main goal in this zone is to prevent the metal sheet from flexing, to
ensure that the laser focal point is acting always in the most effective zone, and also to
avoid any vibrations of the metal sheet caused by the assist gas.

The mechanism in charge to achieve this task was limited due not only by the laser path
that performs almost a complete loop, only being left two connection areas between
the geometry contour to the metal sheet, but also due to the proximity of the laser
nozzle to the metal sheet surface. For this reason, it was opted to insert a vacuum
system bellow the metal sheet. However, this mechanism should be easily changed to
work with other production geometries.

In order to achieve the best vacuum as possible, it was inserted a pneumatic cylinder on
a linear actuator that aims to approximate the metal sheet to the vacuum system,
sealing the vacuum between the two parts.

The clamping of the metal sheet and the vacuum system is initiated by the linear
actuator, which positions the clamper attached to the clamping cylinder on top of the
metal sheet, followed by the actuation of the clamping cylinder. After the cylinder
clamps the metal sheet against the vacuum cylinder, this process is repeated in reverse
order, allowing the laser head to perform the laser cut without any obstacle in its way.
Once the laser cutting process is concluded, the cylinders that actuate the pilot pins
return to its standing positions, allowing the servo roll feeder to move the metal sheet
to its next cutting position, where the process repeats.
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Regarding the vacuum system in this prototype, it was opted to use two vacuum cups
that will perform a total vacuum force of 9 N on the metal sheet (Figure 113). The metal
sheet will be supported in a 3 mm thickness metal part that is basically a 1.5 mm smaller
offset of the prototype, except for the area where the inner slot and holes are. The
vacuum cups are attached to a metal part, similar to the top one, that is distanced by
the top one by some spacers, with the same height of the vacuum cups (Figure 114). The
vacuum system is attached by three connectors from the bottom of the system to the
laser machine.

One potential problem that can occur with this prototype is the fact that the proximity
of the zone where the laser actuates to the vacuum cups can lead to these ones melting
from the heating of the metal sheet, disabling the vacuum.

Figure 113 - Prototype 1 vacuum system (1) Figure 114 - Prototype 1 vacuum system (2)

4.6.2 Prototype 2

This prototype is similar to the previous one with the only difference being on the
fixation system. In this prototype, the fixation of the metal sheet is made by another
vacuum system. However, this one is made of three different components that can be
produced by laser cutting.

This vacuum system (Figure 115) is made of a top part with a geometry similar to the
used in the previous prototype, being the only difference the existence of 12 holes with
a diameter of 4.5 mm to produce the vacuum with the metal sheet.

With these values and assuming a vacuum pressure of -0.6 MPa, it was possible, using
the equation (1) and assuming a friction coefficient of 0.1 for metal to metal vacuum,
calculate the theoretical vacuum force produced on the metal sheet, obtaining a value
of 11.45 N.

F,,=PXAXyqu (1)

A=190.85 mm?

F_TH=11.45N
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The middle part of the vacuum system is a spacer that allows the air flow to reach all the
holes on the top part, and it also provides rigidity to the system. The bottom part not
only closes the system sealing the vacuum, but also connects with the vacuum tube.
Even though the three parts that make this vacuum system are relatively easy to
produce, the assembly of these parts can have some problems since, due to the
restrictions and small dimensions of the parts, it was opted to glue these parts together,
something that can result in misaligned or looser parts, which can result in vacuum leaks.

Figure 115 - Prototype 2 vacuum system

In order to be able to create this system significantly quickly, the suggestion is to
produce these parts also by laser cutting and, due to the small dimensions and
thicknesses of them, the connection would be performed using a glue.

4.6.3 Prototype 3

The last prototype uses an adjustable guide mechanism after the servo roll feeder that
guides the metal sheet to a clamping mechanism (Figure 116).

This clamping mechanism is constituted by two parts, a lower one that is fixed to the
laser machine and does not move and an upper part that performs the clamping that is
actuated by two pneumatic cylinders that are also fixed to the lower part of the clamping
mechanism (Figure 117).

In the top part there are also four pilot pins that in likeness to the previous prototypes
actuates in the pilot holes immediately before and after the pilot holes associated to the
zone where the laser will actuate. This mechanism also clamps the metal sheet around
all the zone where the laser cut is going to be executed with a total force of 120 N.

This prototype also has some disadvantages being that these parts need to be made
with a high level of accuracy and it is only possible to use to produce parts that have the
pilot pins distanced equally length and width wise to this prototype. Another potential
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problem is the fact that the movement of the top part of the mechanism is done with
two independent cylinders which can end up in a jamming.

Figure 117 - Prototype 3 lower part

Figure 116 - Prototype 3
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5 CONCLUSIONS

5.1 Conclusions

With the performed tests and achieved results, it is possible to conclude that:

Even though most of the dimensions related to the outer geometry of the samples were
within the required tolerances, it was observed in the analysis of the colormap that some
specific zones did not achieved those tolerances;

When analyzing the smaller features, none of the performed tests achieved the required
tolerances or quality;

Throughout the different performed samples and tests, the laser machine achieved a
required repeatability;

Regarding the burr, the test performed with the highest assist gas pressure achieved the
best results on the outer contour, with a dimension of approximately 20 um, which is also
a burr dimension acceptable for punching (5% of the sheet thickness);

The HAZ reached small dimensions, with the microhardness decreasing in that zone;

The influence of the parameters also varies with the intended geometry to cut, being that
some parameters that improved the quality in the outer geometry, presented the
opposite influence in the smaller features;

Table 12- Study conclusions

Objective Conclusions State
Laser cutting The increase in cutting power decreased the
parameters HAZ- x v
influence

Increased gas pressure led to better dross.

Precisionand ¢, repeatability of the laser equipment is

repeatabilllty of  Within the desired range; V
laser cutting (20 The outer geometry meets the requirements
) while the smaller geometries do not.

Burr values were obtained similar to the

values produced by stamping; v
Decreasing the laser cutting hardness can

shorten the life of some components.

Compare laser
and stamping cut
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Feasibility of
producing Ultron It is feasible to produce prototypes, but it is v
Guard advisable to refine the laser path.
prototypes

Having this into account, it is also possible to state that given the fact that all the deviations
observed repeated in all samples, it is possible to improve those deviations with some fine tuning
of the laser path in other to achieve the intended tolerances, which according to the laser
machine manufacturer can achieve 5 um. Highlight that he observed deviations were also within
the tolerance provided by the laser manufacturer for a non-refined laser path. The fact that these
deviations repeat also proves that the repeatability of the laser machine itself is within the
required. On the other hand, some deviations such as the ovalization of the pilot holes were
potentially caused by an incorrect fixation of the metal sheet.

Regarding the HAZ, the observed harness has some advantages and disadvantages, being this
good for the punching tools, since they will not wear faster. However, the opposite happens to
the produced parts that will wear faster and can be a problem for a production part, whereby it
is more recommended to produce prototypes rather than production parts.

Regarding the cutting speed, it was not observed any accuracy difference between the tests
performed at different cutting speeds, meaning that with the used laser cutting machine, there
is still room to increase the cutting speed, in order to reduce production times. The same can be
said about the burr dimension since the only test performed with the higher assist gas pressure
translated in a significant decrease of burr.

One aspect that may have had a big impact on the cut quality, more specifically on the burr and
on the HAZ was the insufficient fixation of the metal sheet that allowed the metal sheet to bend
changing the focal point position less effective position.

Answering the main question which is if it is feasible to produce prototypes of the Ultron Guard
by combining laser cutting with cold forming, it is possible to produce prototypes of the Ultron
Guard, however, not with the performed samples but, as mentioned before, using an improved
laser path.

5.2 Limitations and suggestions for future research

As previously mentioned, the present work was performed during the pandemic situation. This
led to some limitations, especially related to the practical work being that most of it had to be
carried out near the end of the internship.
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In the beginning of the internship, it was pretended to do a design of experiments study to
analyze and understand the influence of some cutting parameters in the cut quality. However,
this was not possible to achieve since the number of performed tests had to be limited. The same
happened in the analysis of the samples being that it was also limited due to the lack of time.

For these reasons it is suggested for future research:

* Perform a design of experiments study analyzing the influence of cutting parameters such
as laser power, cutting speed and assist gas pressure on the cut quality;

e Perform new tests using an improved laser path and analyze its accuracy;

* Perform new tests with new parameters in order to improve the quality of the smaller
features;

* Perform new tests using a fixation mechanism similar to a prototyped mechanism and
analyze its repeatability.
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ﬁ circle 18 Z1.1500 raRp. = 0.0 Qoo Paas
ﬂ- ool 15 z il ek 0000 =1 CHHH] [alsiiii] Paax
@ cede 17 CHamater 0.4000 ameT +0020H 4TI Pass
ﬂ oo 17 x 0000 oo S0 OMH] o Pass
& cile 17 'r L1300 50 1463 0 T 2H} L.0maT Paax
& cede 1T F 4 funoon s =1.5008 o0 Pass
- DEEnoE 10 10 Crsanca T2 3000 el #0 O2K1 oo Puns
o BARNCE 11 0 Desiance P.I000 153143 #0300 0014l Pass
== ifsianes 12 A0 Destance 4 300G 18320 #0.0H) ooz 0 OOna
== s 13 10 Distanice (LA k] PRSET #40 M oo oy
== diuianos 14 A0 Cimiancs 21.25900 2301 [lalakoii] [+ 1 18] oo
- nsance 15 0 Cestance 2300 FARITH 00300 L0088  Pass
== dimnes 18 30 Diartance (A ] IR ) B 2H kil Faus
== iWAENCS 1T A0 Chmlanon 3000 183124 i Q2 [+t ) Faas
-~ mmance 18 10 Demtance 0. 3000 1323 +003H oozt - LY E
~= diskance 10 30 Eesinrcs 23 8000 p-LTH £ 0300 L0008  Pass
= muance A A0 Desianen 38 2000 . THH 0 020 D000 Fass
- s 31 10 Cemmnes 12 By A2 5h04 0030 Q018 Pass
-~ diskanice X 30 Cetunes 35,3000 LT +i 8300 aa3st LEITE
= EEE X 0 Cemtunes 0.3000 5. 40 0300 anas FT R
- o 10 Cemanes 03000 o1 #0030 ang 00013
- - mstEnce 3% 30 Cestanes 21,1000 s #0.0300) moan 00311
-~ e Al Chmtanes TR LR RrEL] 0 304 a0413 o4z

Organization: Part name;

Oparator: Part numbsar;

E-mail: Primsoa: ploce 1
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7.2 Annex 2- Sample 2 test 1 report

Control View
Contral View Nams oot vies 1
Uinits Wik ters
Coordinain Systoms  worid
Ciata Alignmants ‘pesi- A fo ref 3
Al Stalfetcn Total: S8, Measured: 55 (100 0000%), Pass: £3 {74 1379%], Fail: 18 25882 1%), Waming: 0 {0 0000%)
Char Mo, Ctject Mame Contrul ham Ades Tal Dov  Test Ot Tl
@ ot Thametar FTT vem saioes  oons [T cooe
@ crue 4 X 185000 1ABST 00000 L0043 Pam
@) circie 4 ] 84 4000 BLEME  +0.0000 L0064 Pams
) ceoie & z L0000 .0000 210000 00000  Foa
& ceoie 8 Chamessr 20000 16788 +0.0200 Doas Yo
@ croed X 18,5000 1h.4812 #0306 0088 Pusz
& orde & ¥ 18 £000 41 el ] [sEih TS Famn
@ croe & z L0006 . 0000 10000 Q0000  Poas
-« dstanoe t 30 Dustanes 37 bona ;.83 10200 QOAT  Pass
@ cron 7 Drameier 20000 1eE shiodoa 40380 Lo
@ crde 7 x +18.5000 ARSI 200000 a00d  Pass
@ crcie 7 ¥ 184000 th4pes 400300 00008 Pums
@ cre 2 20008 00000 +t0000 00000 Peas
@ creie 8 Diamier 20000 1068 #0.0300 ac SR 0014
@ ceoin X -1 5000 AR4EN 300200 Q0161 Pam
& ool ¥ E8.L000 55 3888 #0030 DONE  Pas
@ crin i I 00000 00000 21 100K 00000  Pams
= disiance 3 30 Dintarics 370000 M9820 #0000 0080 Pam
- muance 1 303 Ciskarvos a7.0000 M4 $0.0900 00138 Pam
- éistanoe 4 A0 Datancs 37 0000 .ot 41,0200 -Mﬂbl- 40004
- distance § 30 Diatanon 382000 WI0E 00300 Q008 Pams
- distance 30 Orbance 126000 WMn 000 L0087 Fame
- disance T 30 Diatance 328000 WY 00300 Di0EE  Pums
- distance i 10 Dtenes 128000 WA 00200 4000  Pass
. 30 Dintanon 228000 wssen  a0.0d00 00007 Fame
iy cecim 11 Duamessr 0.2000 0. f42 #0300 -ul:ml- oot
@ cecis 11 ] B.00d0 (YT ol 20 o0iNY  Pasa
& croim 11 ¥ 844000 MEMZ 0200 Qo Fuas
) ccim 11 z 0 000e 00000 al 000 00000  Fuas
@ eroim 12 D 0.2000 0. 9848 #0000 Q0081 - Q0181
@ crds 11 | @ bioe botm abgu00 OBt Pass
@ ceoin 11 ¥ FT] i a.0d00 00001 Fame
@ ceuim 13 F £.0000 00000 wh0000 00000 Famn
@ e 18 Darrasier 0 4000 TR TR T o088 Pum
Organization: Part namia;
Operator: Part numbsar;
E-rmind: Ploce: piace 1
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B cecie 18 X anoon 00708 +01 0000 O0E  Pass
@ oocia 18 ¥ I3 4500 21883 #1000 0.0 Fasg
@ cocie 18 z [T 0.0500 £1.0000 Q000 Pass
@ cicis 17 Diarreser 4000 f0813 010 0008 Pas
@ cooie 17 X anoan nm +1.0000 amm Paas
@ oo 17 ¥ 0. 1500 0. 1430 £ LK 400 Pas
@ crcie 17 z aonos 00000 +1.0000 00000 Pass
- dstance 10 A0 Dstance T a0 FFRTT ) #1020 L00E2  Pass
= distance 11 10 Dimtsnes 16,3060 W 3148 &) 66208 00448  Puass
= distance 12 A0 Distance 16,3000 16,2201 +1. G0 o020 Aoa0T
— distance 13 10 Dmtance 18 8500 18 D23 +01 com o087 ; Qo
—- csdance 14 36 Oatance 73 3400 e 0 0200 o081 anate
== Muiance 18 30 Dusance 22000 23.3741 0. 0000 0.0243 Qa1
== disance 16 30 Dmtanoe \LRU = (LR ol L2 Q.08 Fasa
-~ mstance 17 a0 Dstance 183000 13128 #1000 00178  Pass
—~ tstance 18 30 Cintance 18,3000 Ma1A2 s 0d0d 00182 Pam
== dsiance F§ 30 Dayaanes 32,6000 15973 L 0G0 0. pog? Fasa
=« munnce I0 A [hatanoa 35200 15 2006 # () 0 Qo Paas
~= @stance 21 36 Dntaree 13 B000 32 8034 #1.0000 D00M  Pass
-+ atance 23 10 Omtsnes 38 2000 8.6 &0 £ 000M1  Pass
== [slance I3 30 Davianon 3000 .2t i 0o <0001 @arn
— stance 24 16 Distance 03000 0, 2041 #1CET 0,000 BT
== dstance 28 1D Dmianes 21,9000 1574 il (000 a.0ard By
== Muanee 28 30 Distanon B8, o0 58, 140 0, 0500 a.odan [Elie ai)

Organization: Parl nama:

Oparator: Part numiber:

E-rmad: Piece: pioce 1
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7.3 Annex 3- Sample 3 test 1 report

Confrol View
Control View Mama  control vies 1
Units Milimelers
Coordinale Systems  world
Oata Algnmanis beat-fil to ref 3
Al Slatistics Total: 58, Maaaured: 58 {100.00008), Paes: AT (81 0345%), Fail: 11 [18.0855%), Warning: 0 [0.0000%)
Char Mo,  Ouject Mams Control Mo Waas Tl Dav  Tesl Ol Tol
@ orde 5§ Dhameter 2 0000 16783 +0. 01200 oz [ v
@ cirde 5 x 18,5000 185015 #0.0000 Q0015 P
& circle & ¥ 85,4000 65, 066 00200 0003  Pam
@ cirde 5 F] 00O 00000 +1.0000 00000 Pes
& omied — 2.0000 15780 40,6000 00320 .00
@ orded X 1A.5000 184820 400200 A0180 Peas
@ cirde 8 ¥ 184000 184188 00200 00189  Faas
@ cirde 8 Z 00000 00000 +1.0000 00000 Pasa
~- distmnce 1 30 Distance 37 0000 38,678 +0.0200 0.0%24 000324
i circle 7 Dsmasier 2.0000 1 6053 400200 4 0348 0.0 4l
@ crcla T X <18 5000 18.5011 +0.0000 Q011 Pean
@ cecle 7 ¥ 18 4000 WAMD 200200 0.0040  Paas
@ circle 7 2 00000 00000 +1.0000 00000  Pass
B omie [vameinr 20000 1 e +0.0200 <0).0308 - 4.0100
& owied X 185000 10 4003 10 0200 00067 Pma
@ cle B ¥ &4 4000 84 JBa8 +0. 0200 00153  Pama
0 ore il X 00000 00000 1, 0000 00000 Fma
-« digtmnoe 2 0 Distance 37 0000 1o, a8 #0 0200 A01@  Faas
=« distance 1 10 Distance 170000 18 62 +0 0200 40188  Fma
-« dislanee 4 10 Distance A7 0000 8. aanr +0 0200 40083 Pass
— distmnice § A0 Distance 35 3000 35 160 20 0200 00180  Pass
= dinimnos 4 10 Dhwiance 12 8000 32 4000 +0.0200 0.0000 Pums
-« dintmnce ¥ 10 Distance 32 8000 32 5008 #0 G200 40072 Pama
- - digtwnoe A 30 Distance 32,6000 125814 w0200 000  Faas
-+ digtance 10 Distance 12 8000 12 5874 +0 0200 A 00M  Fma
@ circle 11 [rathaler 02000 01871 00200 -nu:‘.'i- FTE
@ circin 11 L 00000 o043 #0200 00143 Pass
@ circe 11 ¥ B4 8500 £ B0 1. GEad 00110 Pams
i ciecle 11 I 0 Do0 00000 u1 000 00000 Faaa
@ e 13 [harmnle 02000 0. 1868 10,0200 0.0308 - A.0105
@ oede 13 X 00000 0 ooda 10 B0 0030 Pmma
@ circle 13 ¥ 18,8500 181480 i0.0200 000 Pass
& orcin 13 ] 01000 00000 1,000 0.0000 Pass
@ circle 15 [ 0 4000 0.20a7F 10,0200 Q0073 Peas
Organization: Part name:
DOperator: Part numbser;
E-mail: Piece: placa 1
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& crode 13 x 0.0000 00038 +0.0200 00038 Pass
@ cede 18 ¥ 23 1500 1608 +00200 QoS Pass
8 ciecie 13 z 00500 .00 £1.0000 anoon Pass
& croe 17 Oiameter 0.4000 amn $01.0200 A00BE  Pass
@ cocie 17 x 0,000 aoTzs 10200 aous Fass
if cecie 17 ¥ B0 1200 11387 10300 L0013 Pams
@ cecie 1F z 0.0000 0000 #1000 Q0000 Pass
— diztance 10 10 Betance 73 7000 721000 010200 L0080 Pams
== CmEnDE 11 30 (esiance H1 30600 18,3000 £ 00 Ao Pass
— cinamnce 13 0 Cemtarce HI000 183300 00200 flakit - LLOaTE
- dwance 13 30 Destance T g 00200 H0WE  Pass
= clanarne 14 I swiance 21 2900 A 25H ] (UMM oot Puss
— IS 18 30 Deanarce 71 1800 T 25TE #0200 QonTE Paas
= ifistancn 18 10 Destmnca [LE ] 1a9srT il 0200 Qo FPass
= CHaurme 17 0 [swiance “m 1 3082 ] O IR Fusy
=« pintmrns |8 A0 Demlarca . 3000 LR #0300 aoas Pass
== (e 19 30 Demiarcn A2 pooo I 5uTa ol 0200 {24 Fass
- distnce 30 10 Camtanen 35,3000 35 1nan 10200 D001 Pum
== CINAEnne 21 a0 Cestarce 33.0000 X2 5004 #0.0300 00004 Pass
= (e X 30 Dewiarcn 5. 2000 B 2tan il 0200 antau Pass
== duance 1) a0 Deslarcy a.anoe =L ol 2200 .03 asian
= LINGERDE 24 a0 (eslarce 03000 L% 14 #0020 Bl LRk
=« [IEAEADES 2% A0 Demaraca 21,1000 EAR LS ) 0200 aose LA
== disanen M 10 Deslancn 50 1000 S8 0nan o 0300 4 0ton Faas
Organtzation: Part namea;
Cparatorn: Part numbsar:
E-mail: Pisoa: pioce 1
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@ o= 15 i 0.0000 Q0036 +0. 0004 L3 Pam
# oecle 15 Y 751500 31805 40 0200 00105 Pass
@ ccie 16 F ) OLEO00 0000 =1.0000 00000 2 Poss
@ circle 17 Dl 04000 3812 i (1300 0008 Pass
© circie 17 X 00000 00138 0012040 00125  Pass
@ circle 17 ¥ B0.1500 801387 20 (12040 00113 Pasa
& orcle 17 z L0000 £.0000 21.0000 Q0000 Pass
- distance 10 0 Distance 72,2000 728810 0 0200 00080  Pass
— distance 11 30 Distance 16,3000 183106 +0.01200 00100  Pass
— distance 12 A0 Distance 18,3000 183218 +. 0200 0.a21a _ o008
- disiance 13 0 Distance 18 8500 18 B8 #0.0200 L0WE  Pass
= distmnce 14 10 Distance 33,2500 73518 +0.0200 00018  Pass
== dislance 15 30 Distance 23,2500 A IETE 20 0200 00075  Fams
— distance 18 0 Distance 1B GO0 TRGETT +0.0500 40477 Pasms
= distanoe 17 0 Distance 18,3000 16,3082 #0.0200 00082  Pass
— digtanee 18 101 Dlistance 18,3000 183145 (1. 0200 00145  Poss
— distance 18 i0) Distmnce 12 BOBO A2 BATH 0 (1200 D003  Puss
== distmnce 20 1D Distance 15,2000 A5, 1988 e 200 <0002 Pass
== dislance 21 3D Dintance 12 BONG 32 BOD4 [ieeii] 0. 0004 Pass
== dislmnce 37 10 Disinnes 38.2000 16 2148 #0.0200 [
== dislmnce 33 30 Diwtanes 0.3000 0 2608 20,0200 00331 STk
- distance 24 10 Diigtance 0.3000 o287 #0.0200 00329 oM
== distmnee 25 3D Distance 21.1000 s il (200 a.0514 ool
== distance 38 30 Distmnce B& 1000 Bl 0dl40 o, 0200 ANEd  Pass
Organization: Part name:
Operatos Part number:
E-mail: Piece: plece 1
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7.4  Annex 4- Sample 1 test 2 report

Control View
Conirg View Mama ool wew 1
Units MilrTemars
Coordinats Symams wond
Data Apgremadis - fil o red 3
AJ| Stariistics Total: 88 Measured: 58 {100 D000, Pass: 47 (81.0345% | Fal 11 {18.BEASN), Warning: 0 (0.0000% |
Charbo.  Cject Hama Contral Hom Meas Tal Do Test Ot Ted
’:-r.-l Diameter 20000 19818 2010200 41 [BE Pass
& croe B x . BODD TE 45487 28 03 «1.0051 Pass
i oroe B T 554000 |- R L] #0020 <0.0085 Pass
.E-!tl z .00 [LEawai] &1.0000 [aln o il Pass
i cwcie B Digmater 2.0000 15708 +£1 0K a.0238 _ om0
& ooe T BO00 18 4880 20 O} AET10 Pa=s
-3 ceche AL 4000 TE4113 010200 (N RR ] Pass
i cocie & z 00000 [ et} =1 OO0 0000 Pass
- CEEEnS T 10 Denarcs I7.0000 aam #0100 A FEE Pass
@ croie 7 Mameler 2.0000 1 gEml 10200 .00 - oo
i cecie 7 x 185000 -Va. 4983 #0000 QDo Pass
i croim 7 L, LR 4000 T8 2050 #0200 [afaai ] Paas
@ cvoe T z 0.0000 £ 0000 +1.0000 ooooo  Pass
@ croie i Dt 20000 Lg0din #0000 00004 - ELIRE
(@ croe i X < 1L BOG0 «18 4001 i1 O30 [ala i} Pass
@ croie B ¥ B8 4000 8 3000 #0 C0 Q000 Pass
‘E-kl Z 0.0000 [ela =il &1 D000 00000 Pans
v divianoe 7 0 Dislarca 270000 9041 w200 068 Pass
- v fitRanng 3 30 Dearlaren 37,0000 T » 00K 4 Pass
= distance d 0 Deviance 7. o0 545 04T o 300 4087 Pasa
«» tlivkanoe B 0 Dislarce 35 3000 383107 101200 aoior  Pass
v AR O 0 Dwstarce 138000 12 5067 440 01200 400N Pass
= diistanie 7 30 Dstanca 225000 -1 #4033 4001 Pass
- iAo 8 30 Cemtance 32.8000 32 5051 40 0200 00047 Pass
- EHBARE 0 0 Dealarca 2128000 X2 5044 #1300 00050 Pass
i@ evch 11 iamater 0. 2000 01738 #0200 4 0902 - 00082
& cecim 11 x 00000 oot 10200 apiet  Pass
i ceca 11 LR 4 5300 #1300 L0480  Pass
@ erie 11 F o.0000 0 o000 o 10000 00000 Pams
B ereim 12 Diasatnr 0.2000 o.17om #0300 0202 - Qoo
# crcie 13 H 0.0000 oo154 40 0300 OO Puss
i croe 13 111 BECO TAB488 400200 L0048 Pass
@ creis 13 z 0.0000 L. #1.0000 Qooos  Pass
@& crow 18 Dty 0.4000 .33 #0300 00061 Pass
Organization: Part name;
Oparator: Part numbsar:
E-mail; Plece: ploce 1
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& cece 18 0.0000 anms +01.0200 aDoaR Pams
@ cecie 15 231500 21550 #0200 00088 Pams
@ croie 15 z 0.0000 o000 21 0000 Q0000 Pass
& croe 17 Chameier 04000 [ -1 +0.0300 Y T
B rrrin AT ¥ nARen n L o1 TN Amid  Bom
@ croe 1T ¥ G 1500 601410 +0.0200 O0081  Pass
& crele 17 z 0.0000 00060 21,0000 aooos Pass
e dSAN0S 10 30 Distance 722000 72 1908 #0200 40008  Pam
R —— 0 Dmarce 13000 TET) #0000 00118 Pass
— Wt 12 10 Bestance 10, 3000 183253 #1 (2R) aazs - [ HER3
= [Sumeme 13 30 [sminnce [LE: i) 188672 o 0200 aoora Puss
= s 14 0 Cestarce 23.3800 22673 #0200 4o Pass
- disaance 18 30 Dstance 21 2900 31880 #0000 .0880 0480
= dintanics W8 10 Dsmtance 11 BA00 188 10200 o000 - a0508
- st 17 0 Cestarce 103000 183072 #0200 QoUT:  Pass
- o diuaance 18 30 Destarcn 1 000 s3I L [TH - poozt
= unics 19 30 Deinnca LER L] 12 Adan w0 0300 <0.0084 Puss
=u [HVANDN X 0 Cesmtanca 352000 35 T0a3 #0200 aonez Pass
= (panon 1 30 Cemlaraa 12 oo Az 50T o Q20 0 mgn Pass
- Suniee 33 30 Dewinnca RLE ] 35 200t wl 0300 annar Faas
= e 1 30 Ceminnca 03000 azron o1 0200 40,020 Ralsli
~ o (RAEADE A0 Cemlaras 03000 an o (200 0y - Qoo
- - disaance 25 30 Distnnes 1. 1000 IRTT #0 0300 aoiM  Pass
= ifEtanos M 30 el vt A 1000 5810 a0 0200 1.0 Pasi
Qrganization: Part name;
Oparalor: Part numbsar:
E-mail: Pleca: piaca 1
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7.5 Annex 5- Sample 2 test 2 report

Control View
Control View Mama  comol wew |
Units Ml
Coardinats Syviams  wora
Data Apgrenants ‘bt o red 3
| Staislics Totak 58, Manswsd: S8 | FHL0OD0N . Pass: &7 (81 03885 Fad 11 (10.5666%). Wammning: 0 (0 O000% )
Char Mo, Dtject Nama Contral Ham Meas Tal Dew  Test Ot Tel
{6 croe & Dhamaier 2.0000 13813 1M <O.IET Pasz
@) croe & X 1. 500G 1a 4828 =0 0200 -0.0072 Paas
‘mn 55 4000 553075 10300 «3.0H25 Pazs
@ ceie & F 4 00000 [T ai] =1 D000 0000 Paas
@ cie & CHameter 20000 1a7a7 +10200 0.0203 - 40001
& oroe & u 185000 jLETT ] 00200 A Faas
'au-u L TR 4000 18 40684 =100 CLO0ET Paas
i croe B F 4 0000 [ OO0 =1 SO0 0000 Pass
—= CREEENDE 1 A0 Desimncs 37, DO0G 55 8O07T =0 0200 1.3 Paus
(1] waniw T D i mziazy r o000 18723 foaak i) <0 03TT D OoOrr
& crde T X ~HILB0O0 BRI =N 000 E
& oo T ¥ T 4000 Ta4004 20 0200 = 432 Pass
® cecie z 0.0000 o ato0 =1 0000 Q0000  Paas
i crcis Diamstey 2.0000 1 s 00300 <0.0302 - A
@ oroie B x VB0 184004 =0 0300 ao0M  Poss
@ cros 8 ¥ 54,4000 55 304N £ 0200 40088 Pass
@ croie z 0.0000 010000 &1 0000 40000 Pass
- CHBARCE D 10 mmncas 37,0000 36 9071 e 00060 Paas
wv diniance 3 0 Pertance 37 fooo 3 5561 £ 0300 LO11T  Pass
v distance 4 30 Esiance 7. 6O0C 309012 +0 200 Q0108 Pass
- HBASDE & 30 Dvstance ¥.7000 »In L0200 o Puss
- dintance 6 30 Dustance 128000 X2 5970 +0 0200 QD021 Pass
o dintarice ¥ ) Ehstancs 120000 X2 8042 e Q0060 Pass
- = diviance B 30 Diwiance 120000 BEE T o 0 40087 Pass
— @ 9 30 Cemtance 12,8000 FRETE of] HH) 00000  Pasx
@ cecie 11 et 03000 LB =1] L -1 0T - oo
& cvoie 11 X 0.0000 oot £ 0300 agiil  Pass
@ oo 11 ¥ 85,8600 54 8200 ol 300 0.0431 - a0an
@ crie 11 000 2] o1 2000 oM Pass
@ cruim 12 Darmater 0.3000 01748 40 1300 4.0200 - noons
i ceui 13 X 0.0000 0.00u8 L0200 aoous  Pusk
@ crde 13 ¥ 11,8800 T RE #0300 00000 Pass
@ crciw 13 z 0.0000 00000 +1.0000 o000 Pass
@ crdm 18 Dimmaine 0.4000 [E i 1300 40022 Pass
Organization: Part name:
Oparalor Part numbar;
E-mail: Placa: ploca 1
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& croe 13 s 0.ooon 00333 18200 00033 Pass
@ croie 15 23,1800 1880 +0.0200 40050  Pass
@ crcie 18 z 0.0000 Q000 £1.0000 00000 Pass
@ crede 17 ameter 04000 03982 00200 00038 Pass
@ cicis 17 X 0.0000 {10047 #10200 Q008F  Pass
@ ceon 17 ¥ 601500 501841 +0.0200 00058  Pass
& cicie 17 z 0000 0000 £1.0000 Qo000 Pass
— distence 10 0 Destance 713000 22000 10200 oooon  Pass
«« cistanca 11 10 Distance 11,3000 1863001 +0.0200 00000 Pass
— csmnoe 12 30 Dimiance 183000 183170 #0200 agiTy  Pasa
- distance 13 10 Chstance 105800 1 9001 #0200 44103 Fass
o cinumnes 14 0 Distance 21.2900 I #0200 ot L0041
i ——T 30 Cemiance 23 3800 2850 00200 anana - Bo15
— cisunce 18 30 Dvstance 180800 18 968 #0200 Q0188 Pass
—s cistanics 17 10 Distance 10.3000 183074 #0200 00T Pass
== masaance 1R a0 Gswnnce 03000 183100 o D20 QO Fass
= cistares 19 30 Disance 32,8000 X250 #0200 L0088 Pass
== diEiEnRE X A0 Meslmncs 352000 ¥ 2083 0 0200 00083 Pass
== disianoe 2 10 Demlance 12. 0000 g o] 0200 .00 Pass
e W ) 0 Disinnce a8 Jee wam #0200 aote  Pass
= cintarcs I3 30 Chaiance 0.3000 2700 o 1300 0093 60002
wo iSRS 24 10 Cemlanca 0.3000 aarm il 0300 Rilirl ] Ll ]
=« e 15 AL} Casilarcn . 1006 211368 = 2T IR 2 )
-« cisance 28 30 Dislance 1. 1000 L1143 #0200 0oy Pass
Organization: Part name
Opsarator: Parl numbsar;
E-mail: Piaca: piaca 1
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7.6 Annex 6- Sample 3 test 2 report

PR

"
Control View
Conrol View Mame  conol view 1
Linits MilrmEE s
Coondnats Synloms  wora
Data Afgrenants ‘best-fit 1o ned 3
A| Statstics Tootai- B8 Meomored: B8 |E00.DOD0K), Pass: 47 (B1.0048% ) Fai 11 |10 GE8E%). Warning: O (0 0000% )
Char o,  Object Nams Cantral #Ham Moas Tol Dew  Test Gt Tl
@ ceoe & Diamaier 20000 19783 =01 0200 o827 - FiTT
(# croe 5 x £ 500G 185018 200200 Q0018 Fass
i@ ceoe & ¥ A8, 4000 &5 3N 01.0300 40,0035 Fasx
& ceos % z [iliilie] [ i} 21 HHH [N} Pass
@ croe & Cramater 2.0000 1.9780 20.0200 40220 - 00030
-.I:-hi = 188000 184021 =0 D2 -0 o180 Paaz
& ceoe & ¥ TA. 4000 Ta41m 0 0200 ao1m Fasy
@ cece & I 00000 DO 1 0K 000K Paas
o tistmnne | A0 Demtance. AT 0000 WETH 001200 00298 - 00034
@ cros T Diamaiey 20000 1 8553 a0 3300 00348 <Aoi48
& ceds T x <TLEDO0 ILS011 0 0200 L0 Puas
i ceos T ¥ VL4000 184040 #0073 00040  Paas
@ cioa T z 0.0000 [ 000 #1.0000 o000 Pass
i cede & Diamater 2.0000 194 #0200 -01.0200 - 00100
@ rrus B X 185000 BLEL ] o 0300 OENT  Pass
@ cede b ¥ 58 4000 5 3040 #0 2300 Q0152 Pass
i ook 4 Ll [ela il i'1.0000 0.o00 Fass
== NG 3 10 Destance 37.0000 3 5008 ol 2300 Q0T Pass
== tintance 0 Destance 7500 09832 #0 0300 L0168 Pass
o dlintance 4 103 Démiance 17,0000 3600017 ol 2300 A00EY  Puss
<= BN 8 10 Destance 162000 353100 #0200 00180 Pass
1 0 Cmiance: 328000 2 4000 01 0300 0000 Pass
- tstance 30 Dustance 28000 32 528 #0.0200 Q0072 Pass
- HiEnce 8 10 Casiance 12 8000 8074 401 0200 000 Pasy
= NG 9 0 Dealance 12 6000 2 ANTE #5200 Q00 Pess
& ceda 11 Dlamaher 02000 Batn #0.0200 cum- Ao
i ool 11 ® 00000 IS 40 5300 aotdy  Paas
@ ceoa 11 ¥ 6. RGO ELEEL wl 300 GoMg  Paas
@ ceda 11 z 0.0000 0000 #1.0000 o000 Pess
@ ciedim 13 [Hamatar 03000 (R afl (3 80308 - a6104
@ recin 13 X 0.0000 0 000 40 0300 0000 Pass
@ wroa 13 ¥ 1l BECT 18 8400 #0300 40000  Pass
& crcie 13 H 0.0000 LY. o1 2300 oo Pass
@ meow 15 Dl 04000 o.M o 300 00071 Pass
Cirganization; Part nama;
Oparator: Parl numbsar:
E-mail: Pioca: place 1

i A
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@ oroe 15 E ‘n.uooo 000an 00200 00038 Pass
@ croe 18 73,1800 3 Bos 00200 00Ws  Pass
@ crdia 18 z 00008 o000 +1.0000 o000 Pass
@ coon 17 Chamater 04000 [ 5 TF] 200200 00088 Pass
© cede 17 x 00000 aaLs 00200 40138 Puss
@ cece 17 ¥ 00,1800 B0 13n7 50,0300 o013 Pass
@ croe 17 z 0.0000 0000 210000 00000 Puss
- @sznce 10 A0 Cestance 722000 2 19 S0 D00 Pams
- distance 11 30 Destarce W0 103400 o0 0200 00WE  Pass
- disueces 12 A0 Cemtance: 16,3000 WA 200300 i - oo
S — 0 Cratance ey 188302 00200 Q008 Pass
- sz 14 20 Dvstance 73 2800 I8 200200 o0 Pass
== Hisuwos 159 a0 Demiance: I3, 2500 a1 20.0M0 000TS  Pas
= istance 16 0 Cemtanos 1. G500 19577 200200 QONT  Puas
- — 30 Catance T 183082 200300 ool Puas
== im0 ALk Diminnos 1000 Ll = 0200 oot4s  Pusa
== distanos 19 Ak Dwmlanes 12 8000 2 &NT0 2l 0300 00034  Faas
- msamnce 20 0 Dustance 38 2000 1988 +0.01200 40012 Pass
e dinimnes 3 36 Camimnes 12 B A2 8004 o1 200 00b04  Puss
= HistEnoe 23 Ak Demlanes 35 2000 52 Va0 a0 020 aolaE  Poas
== ifinianos I3 Al Dealarce LRIEE o 2l w0 M -a.a31 4011
- isiance 34 0} Dustanece 000 CE #0 0300 00935 anm
] A0k Cemtancs 211000 211604 a0 0200 nosd oond
== s I AL Demtancs 60 000 a0 (040 0 G200 0040  Paas
Organization: Part name:
Oparalor: Part numbsar:
E-mail: Pinca: piece 1

Iy e
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7.7 Annex 7- Sample 1 test 3 report

Control View
Conirgl View Mama  comirol vew |
Units Midlmetars
Coorknate Systams  wond
Dala Apgrenans bes3Atlored 3
Al Statisbics Teiak 88, Measored: 58 | 100 0000% ), Pass: 48 [TH.I003% §, Fad 12 {20 BB6TR), Waming: 0 (0.0000% |
Charbin,  Otyect Name Caninal Hom Munas Tal D Tesi O Tl
‘I:I'Eb! [hamster 1.0000 800 20 0200 00200 Pass
.I:l'l:h! £ q A BOD0 18 50046 pralsr.il 00006 Pasu
ﬂmﬂ L 55 4000 &5 WETH 20 I3THY <0.0082 Pasz
& croe & z L) [FE i =1.0000 06000 Faas
@ Crrie B Ciameter 20000 10708 10200 00202 _ 40007
i cede § x 1R ] [FET L =0 D0 0108 Pass
a ciole 8 i Th. 4000 (LERES =0 0200 asira Fass
@ ciecis 6 F 0.0000 £.0000 +1.0000 aooind Pam
e (iSRS | 0 Distance a7, 0oon =aTed 400200 0200 20050
@ vece 7 Dhamater 2n0co 13 #0000 4.0308 - aoing
& carde 7 ® RIE ] 1840083 00208 aoarr Palk
‘m? B 4000 TE$T A0 0300 aoar Paas
@ cwnin T z 10000 tE00t #1.0000 amoon  Paes
& cile A hamaten 20000 1.ovad 30 0200 40 026 - 40
@ cece B x #1500 SEEEE] 00200 0oorr  Pam
) cexie B ¥ B8, 4000 543000 $0.0700 0180 Pams
& civis B I f.0000 £ 000 #1.0000 o000 Puss
e Glntance 2 0 Distanoe 37 0000 043 00200 o008 Pams
«e MR 1 30 Dmance 7. 0000 ¥ anTn #0300 D013 Pass
- tistance 4 30 Dislance 47,6080 0 B +0.0200 L0010 Puss
-+ ClsAERCE & 0 Distancs 8. 1000 L LEFL 0000 0osd - 3 D0
1] 0 Dwtarcs 30000 33 E A0.0200 40002 Paes
- mstance 3t isinrce 33,8000 T2 SR #1304 L0110 P
- Gt 8 0 Camta v 23,0000 13 5000 +0 0300 0000 Pums
we intaryce B 0 Dimturcs T.0000 23 5004 00300 00080 Pams
@ crin 11 Dvarmter o200 o.1881 +1 E12030 0030 - amm
@ chels 11 X f.0000 B4t 400200 agiay Pums
@ e 11 ¥ fifl 0000 540300 00300 o01e0  Pam
@ eeue 11 I D/B0Co £0.0000 #1.0000 00000 Pass
@ crein 13 [Harmatsr 03000 18 o4 01300 40481 - T
@ cee 13 x 0.0000 £ 0000 #0000 oo Pass
@ cuin 13 ¥ 118800 18 8430 A0000 40000 Pams
@ cecle 13 z 00060 0 600 +1.0000 DO000  Pass
@ chols 18 CHatmber 0.4000 LT #0 0200 00108 Puns
Orgonization; Part nom;
Opsarpior: Part numbsar;
E-mail: Pieoa: placa 1
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@ ceoe 18 X 0000 anosk 200N ODME  Pass
@ crmie 18 231800 B 200200 00072 Pass
@ ceda 15 = A 0oeo [=Es 2 o] 410000 [=Eai ] Muas
@ ceoe 17 hameater 04000 o A0 0N O0008  Pass
@ circie 17 % 00000 o104 00200 ooMe  Pass
& ceie 17 ¥ &0 1500 B0 1084 00 L4006 Pass
& ciie 1T z 0000 a.4000 +1.0000 /000  Pass
] 30 Distance 2. 7000 721684 200200 00018 Pams
R —T ] 10 Destance 000 TR Ir=] =0 0200 0ol Pams
= dstaren 13 30 Demiance 1413000 [T 0020 aoill  Pams
= intanoe 13 10 Destunce 10,5800 1 Ban} 00200 O Pam
== [utance 14 0 Caslarca 21 500 232541 2l MHI QA Fans
. 30 Distance 217800 FETT 0.0 OIFT ooty
S 10 Esstarcs 10 B0 1ataa 50 000 a0843 - 043
= [R2EnCE 17 AL Caslarca HIL. GG L ] i Q2 Qg Fams
] a0} Cemtnrce 103000 153120 #E1 E12K) 0ol Pass
== Sulanes 18 30 Dewinnos 33, oG A2 5063 i G300 40,0057 Pums
== Enlanos 70 A0 esiarce 25, IO 5.1 noa s 200 “a.0ard Fans
== [eaance I 0 Ceslarce 12 000G REE ] 0 N Q0081 Pans
- Suianes 72 30 Dewinros 34 J000 387258 il B304 aaes BOnas
== Hpaanee 73 A Dewinrns 0. 3000 nrraa a0 0200 .00 aooan
- - eaEnLE 4 0 [emlancE 03000 aIrr LllE ooy . 4007
= etanee 28 30 Distance 21,1000 CTRITE #0020 00183 Pass
== S M A0 Damiarcs Al 1000 [ L] &0 A28 «0 Maai
Organization: Part name;
Oparator: Part numbsar;
E-mail: Pisoa: piace 1

Feasibility study of combining laser cutting with cold forming in a production line

Pedro Filipe da Mota Preto



ANNEXES

116

7.8 Annex 7- Sample 2 test 3 report

Control View
Condeg| Wisy Narms  conirol visw 1
Uit Mhlmetes
Coorlialy Syslers  worid
Diata Alignmeniz eessifil noy 1k 3
Al Sinlistcs Totai: 88, Meseseed: S8 {000 0000%), Pass: 41 (TOBEST%), Fal: 17 (20.3100%), Waening: 0 (0.0000% |
Char Mo,  Objsct Home Gontral Picns Waan Tal Dov  Test Ot Tal
(& orele 8 ameter 20000 18800 #0000 000 Pass
i crcle 8 X 18,5000 JLET ) w00 40148 Pass
) arcin & ¥ B84000 ll.'m.1 &0 DR [
@ ccie b z 000 00060 10000 00000  Pas
@ ol 4 Dimmates 20000 LBTE L0200 oo oot
(@ orcia @ X 185000 raAET fradiFci i <A.003% Fasa
@ cocie 6 ¥ 1045500 TR #0000 400 Pam
o oncla p =R+ ] 0. D00 | G000 .00 Pass
~+ dmtance 1 0 Cestarcy a7 0000 0 #1200 0074 Pas
@ e 7 Dl ey 20000 IBTOR  sO00 03 T
® crcle T X <18 8000 AB4BOE 0ROl 000  Pam
@ circia ¥ ¥ 184800 L ELLY] #0/0200 agwt  Pas
i@ wrein T z £ 00 0.0000 1 0000 00000  Pam
@ cie B Dtameter 2 0600 10098 #0200 4##- T
@ circia B X -1 5000 <AL B 0 il G200 L1 Pam
@ circla 1 ¥ 54 4000 58 Jea7 #0500 0003 Pas
@ cucie z 13 0000 0000 #1.0000 00000  Pus
- . dtanes 3 30 Demiarcs 3 Bd 30 Bizs il G200 A0t Pam
- - dmtance 3 0 Cwmtarcs 47 ood 30 470 #4200 AT Pass
e it A 0 Detancs AT 0000 0 #ELEE00 L0136 Pass
- tbanes B 30 Destares 38 200 183148 #8200 fote  Pas
- - drtards i 30 Dimtanca 32 800 325U i £L300 0008T  Pass
v dmtanes T 30 Chmlarcn 32 0000 12.09010 0 0200 00000  Pam
« . chatunce I} 30 Destance 42 8000 328078 #0200 L0 Pam
« o chutanca 30 Dimiarcs 3 B0 EEXEL il 00 A0 Paws
@ oircla 11 Dinmater £.3000 00704 #0 0200 00790 0008
@ oele 11 x 3 oo 0.0 40 8200 o.0811 - 0.5t
& e 11 ¥ 8 500 nea PEr= A0 Pass
& orcl 11 I 06000 0 o0 1 0000 00000  Pass
D orem 13 e 030 4. 1081 #2300 -um- ETHE
i@ e 13 X 0.0 0.0141 #0200 ot Pas
& oncld 13 ) 11 NS00 T #0200 00048 Pais
@ crcla 13 z £.0000 0 0000 1.0000 00000  Pass
@ orcle 18 [amater 40 {13918 #00200 Ooos  Pas
Organdzation: Part name;
Operator: Part numbar;
E-mail: Pioce: pince 1
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-~ S

@ arde 15 x £.0000 ooiss +0. 0200 oSt Pas
& crde 18 31800 T +0.0200 00082 Pass
@ omie 18 z 2005 006 10000 00000  Fass
@ cucie 17 Diamater [.4000 03113 +0.0200 T -oosa7
@ omie 17 x 0.00m pozrs +0.0200 gamErz . 0002
@ circis 17 ¥ 00 1530 s0.1TAD +00200 a.0283 0 oAz
@ e 17 z (0000 o000 £1.0000 00000  Pass
- distance 10 10 Cestance 727000 rzana +0.0700 o031 Pems
— destance 11 0 Dislance 18.3000 180y +0.0200 00087 Pasm
«e mtEnce 13 30 Cistance 18,3000 103150 +0.0200 00t Pam
-~ dmlarce 13 0 Dmance 18 5800 185744 +0.0200 00284 00044
== dsianoe 14 Al Castance 112500 T1 842 ) (200 ﬂm. o4z
= dmtncs 18 0 Dvstancy 27500 s +00200 0.0483 0.0293
= ditance 16 30 Cimtance 189500 18 003 $00200 omn3  Pas
— distance 17 30 Dusiance 183000 1833 +0.0200 0,024 Do
- ditares 18 10 Criance 16 300 10,3428 +0 0200 uml- TEL )
= niance 19 A0 Dawiarce 22 6000 23 S =200 <0 [0 Fam
== CisEance 30 Al Cistance a8 ool 28 71 = CI2{HE LiEiEiH] Faid
== dislones 1 30 Dwwinnca A3 aohd 32 558 w0 G204 Rl = Fas
== (uiards 12 A [rmiarcs 38 2000 2T 00200 aanar Fam
- o atance I3 0 Cemiarcs [ER i a] aITm ¥0 00 0o QO
== dislaroe 34 AL Cesilaicn L e ] o2ras i) CI2H) -0 s -0 DR
wee: AP B A0 [rmiarcs 11000 FARE ] w0200 ﬂ.ﬂ:]'ﬂ. o.ovra
== gdulanos i U Lemlaeca 1000 Bl 1080 (LR ] a mmn Fam

Organization: Part name:

Oparator; Part number:

E-mad: Piace: pieca 1
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7.9 Annex 7- Sample 3 test 3 report

Control View
Conirol Vinw Mama conieol view 1
Linits Ml
Coordinata Sysioms  warkd
Dals Algrmants tiead-fit o ned 3
Al Staiksiics Total 58, Meascred: 58 | 100, 0000, Pass: &7 (81.0345%), Fak 11 (145888 Waming: 0 [0.0000% )
CharMo,  Object Hama Contral Hom Mimas Tal Dev  Tast o Tel
& ceos % hamater 20000 19801 #0.02300 L. 0FF Pass
@ creoe x T 3OO0 1a.40m0 40 G200 <0024 Paas
@ meoe ¥ 55,4000 55 3670 +0.0200 20077 Paas
& cecs & z 0.0000 e o ali] =1.0000 [l oo} Paas
.mﬂ Ciamaiar PRl ] 1881T Iﬂ.m 4 0T83 Paas
@ crues Y VL BDO0 1aANTH #0.0300 40129  Peas
W cieoe & L 18 4000 184 ¢84 w0 52300 [+ R0 ] Fass
@ ceoe & z 00000 000000 £1.0000 00000 Pass
o CIELRNEE 1 I} Cemlance 17 oo 0745 .02 0. 0258 1005
@ croe T Ciamater 20000 1S 00200 -0.0308 - 80108
.. ciecle ¥ x VAL 800 185001 a0 G200 <0001 Fass
@ reuin T ¥ 1400 184007 wll 0300 00007 Pass
B eoa T z kel o [-Re i} wl O{HH 0 00 Pass
i ceca hmmater 20000 1.9700 #0300 .02 - £ 5002
@ ceoe 8 % BB JEAETR  w0.0200 aoa8  Fass
@ croe 8 ¥ 8L, 4000 £63838 400300 A0WE  Paas
@ croe i F 0.0000 Booo0  «.0000 amoih  Pass
<= distmnce 1 30 Dustnce 37,0000 3 97T #1020 .03 - 5013
<= Otazance 3 0 Cemtance: T o0 0 90T #0 0200 Q01T Faas
- iintanes 4 30 Dusiance 17 poce 0850 800300 0150  Pass
-~ dimnce & 10 Casinnce 18,3000 WA 401 0200 aoirE  Pass
= iIENGE 30 Dewlances 32 00D EFET w300 Q0000 Puss
- dintanee 10 Desimrae 12 ho0G X2 5u30 %0 0300 0078 Pass
- dnaanes At} Enstanee 12 noon a2 087 #l 0200 00013 Paas
- WA 300 Desianoe 12 8000 EERT #il 1300 Q0050 Pass
@ croe 11 Dasmaber 0.0 o %0 0200 -um- oo
& ciecim 11 N B.0000 oeal afl (300 AOIEE  Pass
@ e 11 ¥ 8RB0 5 8340 401 0300 a0he  Pass
@ owoe 11 z 0000 00000 #1 0000 00000 Pass
i@ cece 12 Dinater 02000 .14 #01.0300 o038 - ams
& orom 13 x 0.0000 0. 0ol #0300 aoom  Pass
@ crde 13 ¥ 1. A0 LTI #0300 Q0040 Pass
@ ceoe 13 z 0,0000 14 0000 #1 0000 Q0000 Pass
i ciecin 18 [Harainr [ 03024 4l 0300 00T Pass
Organization: Part nomas;
Oparator: Purt mumbsar:
E-mail: Piooa: ploce 1
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@ cede 13 X [T oo =0.3200 0003 Pass
& recis 18 ¥ FERL AT w1 N AATET  Pume
® cecie 15 z o.0000 0000 £1.0000 00000  Poas
@ cede 17 Diameter a.4coe o =0.0200 A0087  Paas
@ cecin 17 x 00000 agian 200200 Aot Pam
@ cece 17 ¥ &0 1800 #0133 +002300 D07 Pass
& crciz 17 z .0000 a0 21,0000 40000  Paas
+ tistanoe 10 0 Distance 12,2000 21624 20,0200 Q0078 Pams
« = masanos 11 30 Demtance 113000 [TETr] 00200 oot#  Paas
= dizsance 12 30 Bestance 1000 1837 +0.0200 TEET] - 00034
- dmwnce 13 0} Datance 1L B0 [T %0200 4ot Puas
= distancs T4 ¥ Comtmnce 213800 237756 #0100 Tl - £.0058
- mEEne 15 Al Castanece s Fate Ll =i 02 Qo Fass
S — 30 Exmiance [T 104 40300 a8t Puas
o ELNOE 17 I Dewlmnce 163000 T 0ar #0200 aooT Faas
== gisswnoe 18 Al Crklarce i Joon 1635128 ol 020 ag12a Fass
+= fiskanoe 19 30 Dewiance 12 poon X 5BS) a0 a0 -0 DU Fass
L] A0k Deximnee 6. 2000 35 2T o1 3200 0007 Paas
== intnos I A Cemlance 12 poon LEET R ad a2 L0068  Paas
- (AN 22 30 Demiance 18 Joon B4 2 1EE a0 aaies Fass
e T 30} Chmlmnes aanon aarmr &l 0200 00283 00083
o (AN 34 A Crmtance a.0ecn a.zr #0031 L0200 1000
<= EaEnEe ALk Cesinnce 21 1eon 21 0088 2l A2 0,033 A0V
== dintanes M Al Camisrcs i 1000 R 1083 a0 0300 0.0083 Faas
Organization. Part name
Oparator: Part numbsar:
E-mail. Pinca piace 1
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7.10 Annex 8- Sample 1 test 4 report

Control View
Control View Mame  control view |
Linits MHlimeiers
Coondinats Systems  woeid
Diata Agnmeniz besi-f o rel 3
All Statmtics Tobal: 58, Messurad: 58 (100.0000%), Pass 48 [79.3102%), Fad- 12 [20.E887%), Warning: 0 0.0000%
Char Mo, Cgact Narmsa Coniirol Mom Meas Tal Dy Tesl Out Tal
@ circie 5 Diiamster 20000 1E7E8 00000 YT -—Em_t'
@ circke § b 105000 14872 +00900 L0028 Pasa
@ circle § ¥ 554000 55 3538 +0- (900 D0064  Pass
B crcle § z 00000 0.0000 +1.0000 0.0000  Paas
B circls B Dinmeler 20000 1,980 0, 0200 .01 es Pass
@ circle 6 X 1B.S000 18 4608 +0.0200 . (e Pass
@ circie & ¥ 184000 18,4145 +0,0000 0.0148  Pass
@ circle 8 2 €.0000 00000  +10000 00000  Pass
. disiance 1 30 Distarce 370000 HATET  +0.0200 40,0213 4.0013
& circle 7 Diameter 20000 1,9885 +0.0200 £.0301 - 400801
& circle 7 X =14 8000 ~18.4543 00200 0.0037 Paas
@ circie 7 ¥ 18,4000 184057 00900 00057  Pasa
@ circle 7 z 0.0000 00000  +10000 00000  Pass
@ circle Chameter 2.0000 19885 200200 40115 - Q0105
@ circle & X 1A 6000 104871 +0.0200 00138  Poss
@ circle 8 ¥ 554000 s430T8 400000 00124 Paws
@ circin & z .0040 00000 &1.0000 00000  Pass
+ datance 2 30 Distarce 37 0000 080 00200 00180 Paus
v destance 3 50 Destance 70000 369840 00200 4013 Pass
< ditunce 4 30 Destance 37,0000 30084) 00000 4067 Pam
we chnlincn § 30 Dislarce 35,2000 BT Wm0 Q07 Pam
- datance 0 0 Destarcs 12,6000 WOET 00300 00018 Pam
- destunce 7 30 Distarce 320000 WG 100000 0.0051  Pass
-~ dhalarce 8 30 Distarce 32 6000 X850 #0200 00041 Pass
- dislarca 0 10 Destarce 32 8000 0 5 +0. (200 0003  Pas
@ eircia 11 Cllsrsiadar 0.2000 01862 w0000 0.0334 £0.0138
@ circle 11 X 0.0000 0.0 00200 oot Pass
@ circla 11 ¥ 658500 658374 o) 00 401 Pane
@ circe 11 z 0.0000 00000  &1.0000 00000  Pass
i) circle 12 Dimatar . 2000 09808 00900 40,0304 - 00104
i@ e 1 L) A LHARE wuiE FLTATAE LNLaL-] ] Fann
@ circla 13 ¥ LRS00 WA4BA 00000 00014 Pasa
@ circle 13 z 0.0000 00000  &1.0000 00000  Puss
@ circle 16 Cirmeer 0 4000 0308 00200 40081 Paws
Organization: Part name:
Operator: Part number:
E=mail: Piece: piece 1
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B circe 15 W 00000 a.0072 00900 00072  Pams
& circle 15 ¥ 23,1500 1 1508 00200 00068  Pass
@ circle 18 z [0000 2.0000 +1.0000 00000  Pass
® circle 17 Dinmeter 04000 05833 0 0200 AD0ET  Pass
& circke 17 X L0000 0.0120 =0,0200 00120 Pass
& circls 17 ¥ 01500 &0, 1360 40 01300 L0110 Pass
@ circie 17 z 00000 0.0000 «1 0000 00000  Pass
we distance 10 A0 Destance 722000 72 1852 0 0300 A0 Pass
e distance 11 30 Distance 163000 18,3108 00200 0005  Pass
- distarce 12 30 Destarce 163000 18 3238 +0.0200 o023 - 00038
— distanice 13 3D Distance 189500 18,8593 #0200 00081  Pass
- distanice T4 A0 Distance 232500 2.9706 00200 00208 0.0005
— distance 15 30 Cestance 212500 1IN #0.0200 o003 0.0031
— distance 18 A0 Distance 118500 104718 0 0300 00215 00015
- drstance 17 30 Destance 183000 1430058 2. 0300 0008 Pass
e distance 18 AD Distarice 184000 183841 00200 00141  Pass
« dintance 18 30 Desiance 128000 X2.5041 #0,0200 3003 Pass:
«« dintance 20 A0 Destance IE 2000 352056 #0000 0.DES Pass
« distarce 21 30 Destance A2 8000 580 #0000 0, 0007 Pama
= distonce 22 30 Diatance 353000 365 2158 w0, 0G0 aoisa Pass:
- distance 23 A0 Cestanoe 0. 3000 02888 0,020 00315 Qn11s
== distance 24 30 Dstarce £.3000 0.2883 #0030 1,020 - 0,007
-~ distarce 26 A0 Distance 21,1000 FIREL 00200 00187  Pass
== disinnce 38 A0 Cestance S8 1000 B80T #0000 o.nn7 Pass
Drganization: Part name:
Operator:; Part number:
E-mail: Place: pieca 1
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7.11 Annex 9- Sample 2 test 4 report

Control View
Cantrol View Nama  control view 1
Units Millimeters
Coordinate Systems  word
Data Alignmeanis bestit 1o ref 3
AN Staistics Total: 58, Measured: 58 {100.0000%), Pass: 47 (B1.0345%), Fai: 11 (18.9855%), Waming: 0 (0.0000%)
Char No, Oibject Mama Control Nom Moas Tal Dary Test Ot Tod
® e 5 Ciamater 20000 16783 =0.0200 -0.0207 _—m?'
@ circle 5 X 18 5000 16.5048 +0.0200 0 0048 Pans
@ circia § ¥ 55 4000 55 3082 +0.0200 00018  Paus
@ circle 5 2 00000 0.0000 =1.0000 0.0000 Pass
@ circle 6 Dimmater 2.0000 1.6787 +0.0200 -0.0203 ) D003
@ circle 6 X 18 5000 184837 £0.0200 L0183 Pass
@ circle & ¥ 18,4000 184210 +0.0200 00210 _ 00010
@ circie 8 z 00000 0.0000 £1.0000 Pasa
- dintnes 1 3D Destance 37 0000 30772 +0.0200 00228 <0.0028
@ oircs 7 Dt 20000 1.9683 £0.0200 0.0317 00117
@ circla 7 x ~ 18,5000 ~18.5028 £0.0200 -0.0026  Poss
i@ circla 7 18,4000 18 3004 £0.0200 00006  Pass
@ circle 7 z 0.0000 10,0000 £1.0000 00000  Pass
@ circle & Diamatar 20000 1.6702 +0.0200 -ouaas- 00008
iy circle B X 16,5000 18,4875 £0.0200 0.0125
@ circle 8 ¥ 55 4000 563827 £0.0200 LM77 Poass
@ circle B z .0000 0.0000 £1.0000 0.0000  Pass
- dintance 2 3D Dustance 37 0000 38 6833 +0.0200 M7 Pans
- distance 3 3D Dustance 37.0000 36 9ARA +0.0200 H0137  Pass
. distance 4 3D Destance a7 0000 36 9823 +0 0200 00077 Pass
. distnnce 5 30 Distance 35,2000 382187 +0.0200 0.0187  Pams
T —— 3D Dimtance 32 6000 326012 +00200 00012  Pass
. distmnca T 30 Distance 32.6000 32.5070 +0.0200 00030  Pans
- distance B 30 Dintance 32,6000 32 6021 00200 0.0021  Poss
Organization: Part name:
Operator: Part number:
E-mail: Piece: piece 1
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) — distance O 3D Distance 32 6000 325005 +0.0200 00005  Pass

@ circle 11 Diamater 0.2000 0.1661 +0.0200 00338 00130
@ cirde 11 X 0.0000 00173 00200 0.0173  Pass
@ cirde 11 ¥ 5 A500 55.8330 +0.0200 00181  Pass
@ cirde 11 Z 0.0000 0.0000 +1.0000 00000 Pass
& circie 13 Dismeter 0.2000 0.1853 10200 00347 _ 00147
@ circle 13 X 0.0000 0.0088 +0.0200 00088 Pass
@ circle 13 ¥ 18 8500 18.8487 +0.0200 00003  Pass
@ circa 13 z 0.0000 0.0000 +1.0000 0.0000 Pass
@ circie 15 Diameter 0.4000 03857 +0.0200 00143 Pass
@ circe 15 X 0.0000 -0.0024 +0.0200 00024  Pass
@ circle 15 ¥ 23,1500 231570 +0.0200 00070  Pass
@ circle 15 F] 00000 0.0000 +1,0000 00000 Pass
@ circla 17 Diamater 0.4000 02878 +0.0200 00124 Pass
@ circie 17 X 0.0000 0.0167 £0.0200 0.0167  Pass
® circle 17 Y 60.1500 601401 =0.0200 00009  Pass
@ circle 17 z 00000 00000 +1.0000 00000  Pass
- digtanca 10 3D Distance 72.2000 T2.1921 +0.0200 -0.0079  Pass
=« distance 11 3D Distance 18 3000 1683110 +0.0200 00116 Pass
- distance 12 30 Distanos 16.3000 16.3238 +0.0200 0.0238 - 0.0034
=+ distance 13 3D Distance 18,9500 18.9533 +0.0200 0.0033 Paas
—= digtance 14 3D Distance 23,2500 232608 +0.0200 00108  Pass
o (igtance 15 3D Distance 23,2800 23 2564 +0.0200 00064 Pass
- distance 16 3D Distance 18.8500 1B.0502 +0.0200 00002  Pass
-« cistmnce 17 3D Distance 18,3000 16.3110 0.0200 00010  Pass
- digtance 18 3D Distance 16,3000 16.3130 +0,0200 00130  Pass
«= tistance 19 3D Distance 32 6000 32 6000 +0.0200 0.0000  Pasa
wu distance 20 3D Distance 38 2000 35,1071 £0.0200 00020  Pass
w iinnce 21 3D Distanos 32 6000 A2e014 +0.0200 00014 Puas
=« digtance 22 3D Distance 35,2000 35.2154 +0.0200 00154 Pass
- tistance 23 30 Distance 0.3000 02881 +0.0200 00318 00119
- dimtance 24 30 Distance 0.3000 0.2674 £0.0200 -0.0328 0.0128
—si distance 26 3D Distance 21.1000 211118 +0.0200 00158 Pams
= distance 26 30 Distance 58,1000 58,0043 10,0200 0057  Pasa

Organization: Part name:

Operator: Part number:

E-mail: Plece: plece 1
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7.12 Annex 10- Sample 3 test 4 report

Control View
Control View Mame  control view |
Units Milimeters
Coomdinate Systems  warld
Data Allgnments best-it o ref 3
M Statisties Total: 58, Messurad: 58 {100.0000%), Pass: 45 (77.5862%), Fail: 12 (22.4138%), Waming: 0 [0.0000%}
CharMo,  Object Name Contral Hom Maas Tal Dev  Test Out Tal
@ crcle 5 Diamater 2.0000 18788 +0.0200 00211 -W
@ circla § X 18.5000 185012 +0.0200 00012 Pasa
@® crcla 5 ¥ 55,4000 55 3081 +0.0200 00018 Pass
@ circia § z 0.0000 0.,0000 £1,0000 00000 Pass
{® circie & Diameter 2,0000 1.9800 £0.0200 00200 Pass
@ circla & ® 18,5000 18.4884 +0.0200 00116 Pass
@ circie & 18,4000 18,4212 +01.0200 00212 - 0.0012
@ cicia 6 0.0000 0.0000 +1.0000 00000  Pass
- digtance 1 30 Distance a7.0000 360760 +0.0200 -0.0231 -0.0031
@ circle 7 Dlamater 2.0000 1.9708 +0, 0200 -0.0294 - -0.0004
@ crcle 7 X ~18.5000 18,4801 +0.0200 00008  Pass
® circle 7 ¥ 18.4000 183005 0,000 00005  Pass
@ circls 7 z D0.0000 0.0000 £1,0000 00000  Pmas
@ circie 8 Dinmater 2.0000 19710 £0,0200 -0.0260 - -0.0000
@ circle & X -18.5000 184870 +0.0200 0012 Pass
@ circls 8 ¥ 86,4000 55,3820 +0.0200 00160 Pass
@ circle 8 z 0.0000 0.0000 +1.0000 00000  Fass
oo distmnos 2 30 Distance 37.0000 36,0825 +0.0200 00176  Pass
we dintmnce 3 30 Distance 37.0000 36 9875 +0,0200 00125  Pasa
w distance 4 A0 Distance a7.0000 38,0801 +0, 0200 00108  Pass
= distance § 30 Distance 35,2000 IB21T4 £0,0200 00174 Pass
«-er distance & 30 Distance 32,6000 325060 £0.0200 <0.0031 Pass
-= dintance 7 30 Distance 32.6000 325658 +0.0200 00042  Paas
we distance & 30 Distance 32.6000 325007 +0. 0200 00003 Pass
—- distance § 30 Distance 32,6000 32,5002 10,0200 00008  Pass
@ circla 11 Diamater 0.2000 0. 1082 +0.0200 <0.0338 0.0138
@ circla 11 X £.0000 00155 £0.0200 00155  Pass
@) circla 11 ¥ 55, A500 55 8340 +0.0200 00151 Pass
@ circia 11 z 0.0000 0.0000 £1.0000 00000  Poas
@ circle 13 Olamater 0.2000 04T +0.0200 00278 0.0079
@ cucle 13 X 0.0000 0.0088 10,0200 00088  Pass
@ circla 13 ¥ 18,8500 18,8525 +0.0200 00025  Posa
@ circin 13 z 0.0000 0.0000 £1.0000 00000  Pass
@ circle 15 Diameter 0.4000 0.3830 +0.0200 00070 Pass
Organization: Part name:
Operator: Part number:
E-mail: Piece: plece 1
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@ cacle 15 ® 0.0060 0.0026 +0.6200 00026  Pass
@ circle 15 23.1500 231506 +0.0200 00096  Pass
& circle 15 Fi 0.0000 0.0000 +1.0000 00000  Pass
@ crcle 17 Diamater 04000 0.3883 +0.0200 00107  Pass
@ circle 17 % 0.0000 00114 +0.0200 00114  Pass
@ circie 17 ¥ B0.1500 60,1403 +0.0200 00087  Pess
@ circle 17 z 0.0000 0.0000 +1.0000 00000  Pass
- distance 10 30 Distance 72 2000 721006 +0.,0200 00084  Pass
— distance 11 30 Distance 16.3000 163123 +0.0200 00123  Pass
— disiance 12 30 Distance 163000 16.3186 +0.0200 00186  Pass
- distanca 13 a0 Distance 18 9500 186871 +0.0200 00171 Pass
-~ distanca 14 30 Distance 232500 233742 +0.0200 0.0242 0.0042
-~ distance 15 30 Distance 732500 232753 +0.0200 0.0253 - 0.0053
- distanca 16 30 Distance 18.9500 18.8700 +0.0200 00200  Pass
— distanca 17 30 Distance 163000 16.3082 +0.0200 00082  Pass
= distance 18 30 Distance 16.3000 16.3121 +0.0200 00121 Pass
- distance 18 30 Distance 32 6000 32,5063 +0.0200 00007  Pass
- distance 20 30 Distance 352000 35.2000 +0.0200 00000  Pass
e distanes 21 30 Distance 32.6000 32 5070 00,0200 00030  Pass
- distance 22 30 Distance 45 2000 352162 +0.0200 00162  Pass
~ distance 23 a0 Distance 03000 0.2877 +0,0200 -0.0323 -0.0123
-~ distance 24 A0 Distance 0,3000 0.2664 +0,0200 -0.0338 001386
-~ distance 25 A0 Distance 21.1000 71.1280 +0.0200 0.0280 0.0080
distance 26 30 Distance 58.1000 58.0772 +0,0200 -0.0228 -0.0028
Organization: Part name:
Oparator: Part numbser:
E-mail; Piece: plece 1
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7.13 Annex 11- Sample 1 test 5 report

Control View
Coonirl View bamss Dovdnd dai 1
Lnits. PTanats
Coonfinss Syshims skl
Dt Abgrmsarmn sl 0 byl 3
Ml Eaaliics, Tl G Mwseorad. 68 (PO0.0CO0R ) Paie 4 SLSEEA |, Fal: TH (37 0MEN), Waming: 0 {£.0000%)
CrarMe, Dot Mames Caniral [ Wi Tal Dev  Tast ot Tal
I e Tiom TuTAn w0 .ﬂﬂ'ﬁ'-_m
@ o s u [ 1B 5IET PTET HODST Pas
& ammi v EE4600 55 308 #0080 40077  Pms
@ oS z [ [ o e 006 P
& aemn Dt tias FT TR =0 L0 8314 - FiT T
@ oman ' 188000 LFret] w130 008N P
B en ¥ 184000 1B 81T #0030 oonE P
i o z [He s o ) 0 LiHH] =l D] [ R
- dllulanas W Dulaum. ¥ 0000 s i =l LG A1 22 0 W
powa? Ll tsataa 4 Doy 1y il 0330 -0 3 D01
i o ? N +ER A L] w000 0000 P
o e ¥ ¥ JLE raaE il 020 o B P
) o 7 £ o ey 0 0000 ol D0 0000 P
1] o 2000 10008 soomd b i 4010
o e A N Bt ] L] w050 000m P
§ ema ¥ 4 4000 BaaEl?  wonmd AEE P
e £ o i ! DN 00000 P
- A ] 0 Cislasia. 570000 TR il 0300 -acamM 4004
o alewn 3 W Dilasim W0 L R ¥ 0150 A p0nd P
- e A 0 Cislasia. 570000 Sagmi il 0300 A0 P
< ) Dilarsim W oo MLANE w00 v [ LI
- e 0 Cindaia. A BOOL 13 man? =l 0300 DonET P
oo dlaran T LHEPEUT] A EEL LARET ol il P
- diwlanan § i Dl bRl e 12wl LAE=T nogs P
- - ilslaran LHEPPUE] O EFLT LAIRE] AT P
@ - Lnartiatss: G et LA LR dean ot
D Y n 1 0 ol w0260 UEs P
& oy " b miod LLLESE] e AEher -
B v 1Y i 1 00 o o1 000 o P
@ o 11 ERTe & el o i ol Dl -um- o0t
i - n 1 0 R 0300 [T =]
& o ) L] 14 B0 LT wil A D P
D o 11 ] 1 00 o w1000 -1
[T Al Ungrvst i LF ] il [ e P
Ongantzation: Pan nama:
Operaior: Pan numiber:
E-mal: Pinoa: plocs 1
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B owow 15 i [ {0080 =0 8200 [T -
B s 15 v 21500 23 155 o0 0500 0008 Pass
B owom 15 ] e 0000 £1 0000 fo0M P
0 s 17 [ 4000 8a0 o0 0500 Do P
s 17 X Ty i o (00 HEtE P
B o 17 ¥ 1500 (SR =0 0500 QAR P
D e 17 I D 6000 21 200 nEodl  Pe
T M0 Doatarwa TEM00 T 048 i 05000 0046 Pass
—— dilaran 11 0 Exdari. 1€ 5000 8 3148 o A [T
] M0 Daslarwa 18 3600 [FeT] o 500 (e [T
-~ dibaran 10 0 Exidmr 18 ki RuTT i G0 83Ty oot
== alangn 14 i Drdarea PRt EER el 1 it s
- ] 0 Exidarim 25400 FEET i 301 [T o itk
== sl il i Ddansa LR AT el ngan WITTH
oo dinlarws 17 W Diadaram il BiG0 il T ol B0 [INTR ] [
== il 1 W Drddarea 16 000 W0 el lgne  Pess
R s— 30 Didaram 128000 FET T T T PR -
== il 30 W Crddarea T JH 16 o el loKe  Pass
- il 1 W Didlars o una pel il w0 0300 oaain e
<o sl 33 W Paddarae R Joan ELEEE] L= a4 L RCE]
- dhalmsn 47 W Didains (5] [E 0 0200 R A0
e 10 Cvtarem & o [+ ¥ Ggua ok aaiat
- dalmn 3 W Didaraw 100 FIRTS ol D0 L 1= ik
- dalwa 30 0 Cvtarem 100 R w0 GgUa [
Orpaniation: Pt nama:
Oiperator; Part numiber:
E-mail: Paace: plece 1
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7.14 Annex 12- Sample 2 test 5 report

».2 POIYWVOTKS

Control View
Conirod Ve Mama ool e 1
Units Rlilamesters
Coordnats Sysiams o
Dain Apgrenanis et fit booref 3
| Statistics, Totai: 8, Measured: S8 | $00.0000%), Pasa: 47 (21 0345% %, Fai: 11 | 10.6688% ), Warning: 0 (0.0000%)
Charbio,  Otdact Name Gantral Ham Moan Tal Dev  Teat Ot Tl
':-m:. EHcarmis ter a.{ﬂm 15807 0 O 2H) Ealifyial Paax
‘nﬁ x T8 BOGG i84ar2 =0 320 Ealliikll] Pass
-.I:lmﬂ 55 4000 &5 3938 S0 OMHE i it Puns
@ cecie & z o060 L0000 £1.0000 G000 Pass
i orde @ Damaier 2.0000 15782 #0020 EYET - ams
P x 5000 18 4008 A0 K amid Pas
[ ceth T 4000 1B4T4T #0DFH] [sNsR By Fass
& ot z 0.0000 3.0 *1 0000 00000  Pass
- AR 1 30 Diatance 3T oG ¥ 9THh ) BH £ B <0081
@ cen T DHame e 2.0000 1M 200NN 2,0308 - amos
& w7 x A B0 NS08 s00200 D00M  Pass
..HHIT L PR <G00 18 4003 ) B HH [l itk Paik
@ ousT I 0.0000 .00 #1 DO oooM  Fass
@ croe i [ ter 20000 19704 +0.8300 .02 - 40080
@ coie B X AL BG0Y BN 00200 D11 Pase
& chuin i ¥ 88,4000 553081 0 (1300 ana  Pes
& ceun i z [T £.0000 &1 D000 OO0 Pass
- st 2 a0 Demtance 7 Goon 4Tl 00300 FYEIF - a0z
w08 10 Distanca 37 000G LT 0 0300 o008 Pas
T 0 Cislanca 7,000 »ans? 40 0200 Q0143 P
- thshanca 8 1 Destance 1 3000 12183 +0.0200 00181 Paes
— s 0 10 Distance 13 Bo00 12 80 400200 00043 Puss
e R T 10 Distanca 2,800 x2.5003 40 0300 00T Pans
- e A 40 Ditaneca 12,8000 w0 00200 Q0001 Pass
wn it B A0} Disiance 12 8000 ELTTH 41 8300 0011 Pass
@ ceos 11 D e 0.2000 0. 1483 400300 {00310 - YT
@ cruin 11 x 0000 B.o13n #0200 CO13  Pass
@ cwis 11 ¥ 5A, BADD 55 N3TH 41 8300 AN P
& ertin 11 [T 00800 a1 0000 00000 Pams
& cirvin 13 Dinmater 0.2000 BITOE 400N q.m- T
@ cruim 13 x 0 0060 oot 00200 ooats  Pass
& eeuin 13 ¥ 1 B0 inmary 40300 00 Pass
& cruin 13 I 0.0000 ] ol D000 00000 Pams
@ cedie 14 Ciarmmter 4000 o.3%20 il 1300 Q0000 P
Organization: Pt mami
Oparator: Part numbsr:
E-mail; P pioca 1

]

-
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& cede 18 ¥ 0.0000 OOmE =0 0200 00038 Pass
@ croe 15 731500 160 +0 0200 00070 Pass
§ croe 15 z 00000 0.0000 +1.0000 Q0000 Fass
& crdie 17 Diometer 02000 aamaz =015200 L0008 Pass
@ circia 17 X 0.0000 o013 00200 B3 Pass
@ ceoe 17 ¥ 601500 01370 00200 4MI0  Pass
‘ cirche 17 z ooooo [+ ¥ asii] =1 OO0 00000 Pazs
— distamos 10 30 Cestance 72,2000 721080 +0 0200 00080  Pams
v= cistance 11 30 Dstance 16,3000 [TETF 00200 ooz Pass
== dissanoe 12 A0 Camdance . 3000 13188 #0200 Boes Pams
< disiance 13 10 Demtanca T 18837 +0 0200 0007  Pams
— matance 14 30 Dintance 23,3500 Fas v +0 0200 oorM  Fass
- DEENnCE 15 0 Camiances 233800 ralil L] &l A2 00048 Codds
== iance 18 10 Casianca 1 B.5800 THO188 =0 0200 Lillsl L0 ) - [ 5
- Butance 17 30 Dtance 10,3000 18,3007 +0 0200 00007  Fass
-~ dtatance 18 10 Cestance 1653000 was +0.0200 BoMS  Pass
— matance 1 A Castanen 12 AODG 088 #0000 00014 Pass
<= dstance 20 10 Distance 18 3000 2034 +01 0200 400l Fass
- ntance 21 0 Dustance 1 BO0O I 5050 10200 Q007 Pass
- ssanee X} A0 Cesturca 8.0 LR 2l J200 aDras Pass
== ik TN A0 Cemianca 03000 [l i & A2 aaato 00118
] 30 Dustanca 03000 oSy #0200 -ﬂﬂlﬂ- @ena
] 30 Crwtanon Fall (Ve FARLTL | gl J2H aorre Pads
] 10 Cistanes 881000 58 OUAT £0.0200 00080 Pass
Crganization: Part name:
Ciparator: Part numbar:
E-muil: Pioco: pioce 1
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7.15 Annex 13- Sample 3 test 5 report

Control View
Caningl View Mama  consrol vwew |
Unis Milematar
Conrdnats SygOms  wond
Data Agremants Destfit ol 3
Al Statistics Totat B8, Meascend 68 {100 0000, Pams: 47 (81 0345%), Fai 11 (16.9658%), YWarmng: O [0L0000% |
CharMo,  Dbject Hame Caniral Hom Meas Tal Dew  Test Ot Tol
o coue Chameler 20000 15783 +0.0200 umtrﬁ
) coos & X BB 184087 20 (N <0003 Pass
i crde ¥ 55,4000 400 200200 Q001 Pass
@ cece b z 10,0000 00030 £10000 00000  Pass
@ et [hamater 20000 EETL e 20200 o.a2ar _ 00007
@ croie B x LH SO0 JLETFL] a0 HNAET  Paas
@ cede® ¥ 18,4000 184001 20,0200 00t Pass
@ ool z 0.0000 [.0000 210000 00000 Paas
== OinEEnE 1 A0 Dentanoe A7 EDDO b AL #0000 0148 Paaz
@ cruie 1 Dhamatsr 10000 18m3 a1 0200 0,020 _ 1 Dol
@ cevie 7 x 1B000 ARSIE 200200 0000 Pass
m oo T L IH 4000 18 3854 foakakoinid iR Faasz
@ couin T 2 o.0000 00000 210000 00000  Pass
@ cedie B Ciametar 20000 1 96831 200200 40,0047 - ooy
@ cene & x 1B 5000 RLERES a0 SR Lih) Fass
@ owinh ¥ 58 4000 52 3870 240200 L0 Pass
@ cede B z .0000 BO0O0 #0000 Qo000 Pass
—= s 7 ALk Dvalarce AT Dot B g a1 HK -0 o4 Fuas
—— 30 Desimnce 37 Dot E LT +0.0200 20T Pass
B T 30 Cuminrcs 7. (00 30 A0 o0 0200 amr  Peas
L] AU Cealarcs ELE R L] 0 0K ag Fuas
- tancs & b Cestance 32 BooG x0T #0.0200 L0013 Pass
- distEnns F A0 Dhsmla e 12 oo s i 02 D002 Puss
~ - s 8 ALk Dealarcs 42 noog A7 s LWL 4.0030 Paas
BT CH Dot 32 AC00 5034 20 0200 L0000 Puas
i crels 11 Dhiamted o200 ooiars il 02 -00a2s a0128
D oooka 11 x n.puon noxna #0 (200 LiLiF R - nioa
@ cwvim 11 v 6. 600 52 8370 200200 Q0134 Puss
B orom 11 z .00 3 o0 &/ D000 o0l  Poss
@ crtin 13 [harmntet 02000 RTH a1 (1200 07 - aoiar
i cirche 13 e LR HE o »l MK aaga? Fasg
@ ooe 13 ¥ il BB 18840 w0 0300 40030  Paas
& ciecis 1] X Do 0 00 &1 000 06000 Fran
i ciecm 18 Dhamater 14000 G.arn a0 020 40134 Pass
Organization: Part name:
Oparalor: Paort mumbsar;
E-muil: Ploca: place 1
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& croie 18 X 0.0000 o DS +0.0200 HO0M08  Pass
@ croe 15 ¥ 211300 3167 +0.0200 ao0aT  Pass
& croe 18 z 0.0000 Qom0 £1.0000 Qo000 Pass
& cece 17 Orameter ‘04000 03908 00200 A0 Pams
i ceoe 17 X 00000 amrz 10200 aoire Pass
& oo 17 ¥ 0. 1800 60 1438 +00300 AD0064  Pass
& ciecle 17 z o.0000 LT &1 0000 4000l Pass
- diaEnoe 10 0 Cestance T2.3000 T22000 +010200 oo Pass
- distanoe 11 30 Cextance 3000 153708 00200 GowWE  Pass
= cistanoe 12 30 Deinnes 000 GV #0000 agrs Pass
== istanoe 13 0 Cestancy 1. B0 TESATY #0200 Aot Pams
— rnmnce 14 a0 Cewtarce 717500 AT #0200 oz - G0N
— dizmnce 18 30 Besinnes 23 3800 Zaza08 00200 aows  Puss
= s 18 30 Dismimncs (LR ] 189520 #0200 0008 Puay
= (N 17 a0 Dmlaras HiJne raaar w1 0200 agwr Pass
- disanes 18 30 Destunes 13000 183180 #01 CIHH) aotel  Puss
- distance 1 30 Cminnce 22 A AT B0 1 0200 L0008 Pums
~o [N 30 10 [ewlarca 352000 B 2028 1 0200 aons Pass
== (ieaanne 31 30 Dlarcn REREE R B2 L i MM 40007 Fass
- thstance X3 10 Dimtnnen 353000 FEIEL +0 0300 [T TEE
== [Hyianog 21 10 Cestarcs 03000 02080 #0200 <0137 amn
= (i 34 A0 Deajarcn g o ey il O Qg1 Qatn
-« digmnce 34 10 Cesinney FIR 11308 &0 0300 oo Baiol
= [ARS 0 Deslanca BA. 000 BRLT14S &1 0200 aoan Faas
Organlzation: Part name;
Oparator: Part numbsar;
E-mail: Piein: piaca 1

CIFRL LS

Feasibility study of combining laser cutting with cold forming in a production line

Pedro Filipe da Mota Preto



ANNEXES

132

7.16 Annex 14- Sample 1 test 6 report

Control View
Control Vi Mama ool Ve
Linits MilEneaem.
Coordraia Sysioms  word
Dlatn Afgrenanis Desfit fo red 3
A Ealisiics Total 58, WMeasrnd: B8 |H00.0000% ), Pass: 48 (77 SB02% Falt 13 (Z2.4138% ) Wamng: I [0 0000%)
GharNo, Dbjecl Name Ganiral Hom Meas Tal Do Teal Tl
® oeuet Damater 2 oo 1avat <0 0200 -umw-_-éﬁ
@ ot 8 X H. SO0 14T E itk <0002 Pass
@ crusd ¥ 55,4000 A0S 200200 QOO0F  Puas
. [= e 1.1 4 fiE ] [FRe s dti] &1 D000 [+llaaiti ] Faag
i croe Chamalst 2 oo 1. 9785 #il DM 0,018 Balasfi]
® cets a 8. 5000 T8 4853 EaliFi i <0747 Pass
@ b ¥ 14000 184137 s0.0200 Q018" Pass
@ crun z 0/0000 0O600  =10000 00000 Pass
—= digtarice | A0 Deminnce #7.0000 War)  s00200 QM P
@ ceua 7 [hamater 2.0000 IS 0000 0w 0170
@ ous? X 1 00 ABS04E w0200 00080 Fass
@ ceuin 7 ¥ 18 4000 WIME  e00200 00048 Fase
@ cee 7 I 00000 300 +1.0000 00000 Pass
@ ceun b Diamaier 20000 1 4703 2001200 0 2aT - < aut
@ eeuie X -1a80oa ARAE 00300 Q008 Pass
W oroe T an Ay on A AR ELEE FEEs
@ s z 00000 0 060 *1 0000 Qo0 Fass
- g 3 30 Deminree A7 D000 0 40 0200 00004 Puss
- diMEnCa 3 0 Dewlanoa 37,0000 WA #0000 Qma Paas
— dismoe 4 30 Cesimrce 37 boco 0010 +0.0200 D000 Pass
- Batance 30 Demtaince 3 Juoo 383130 #0 01200 CETE
= 00 0 30 Demiance EEL 32 5000 #00200 00030 Pass
—- distange 7 0 Dewance 2w 2 5007 #0.0200 00013 Puss
- distance 00 Desinrca 12 pco Lae  s00200 BDo1 Puss
— distnon 30 Diianea 12,6000 3068 #0200 00088 Pass
o ceoie 1] Chamater 0, 2000 (Rl #411200 0318 - B
& eeom 1| X 0,000 0160 #0 01200 oO100 Puss
@ cece 11 ¥ 85,0800 £4.0300 #0120 00110 Pass
@ ceon 11 z 00000 £ 8000 +1.0000 0000 Pass
@ oeoe 12 Uit 0000 fir 40 300 0070 - Aot
@ eein 13 A oo BOG2  a0G00 Qg Paas
@ ceie 13 ¥ 18,8600 InEMA 400200 00138 Puss
@ ceum 11 z a.hito 0EG0 el 000 aoou  Pess
@ epeis 18 Diamatet a.4000 LR 40,0300 40077 Pass
Organization: Part nome;
Oparaton Pl niumibsan
E-mail: Piece: plece 1
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@ cece 15 X [T ooy 40 0200 L0017  Pass
@ cecie 18 731800 FTRL] +0.0200 00003 Faam
@ con 15 z 00000 0.0000 21.0000 00000  Pass
@ croe 17 Diameter 04000 0¥y +01. 0200 00071 Pass
@ cecs 17 X {ncce opa74 50,0200 00078 Paas
@ croe 17 T 60 1800 R 200200 00081  Paas
@ ceve 17 z nacon 0000 +1.0000 40000  Pass
— tintrics 10 30 Dimtance T2 3000 PRl ) 00200 20008  Puas
-« ctuaance 11 30 Detance ¥ 3000 183108 20 0200 00/ Pass
- dissance 12 30 Centance 11000 1830 #0000 oas ooo1s
- distance 13 30 Diemtance 1B ROTH ol 200 ooz oo
= gisurics 14 30 Domtance 132800 32680 20,0200 o.a3mn aaisn
~= tissmnoe 19 Al Destance e PRl a0 OMH adraz Fass
-~ chszanpe 18 30 Dowiarce 1 9800 185633 20 0200 00133 Puas
== Histmos 17 A0 Cemiance . 3000 AT 2000 oarr Fass
== msmnce 10 Al Cratance i 0o 183142 ad G2K anre Fass
-~ disaence 19 30 Dustancs 32 UG 3 5043 4 1200 00037 Puss
L ] A0k Demlnnes 15 3000 532030 ail (200 Q003 Pagi
== distanos 11 Ak Dwmlanes 12,0000 BERAL a1 0300 RilliiFii] Faasn
-~ disamnCe 22 3 Dastance 38 joon 32138 40 (1200 ool Puss
-« distance 33 30 Cuminrce 03000 oAt ol 2300 40310 L
= distEnoe D a0 Demlance .3e00 O.:7TT a0 0300 00323 Ao
== finsEnoe 29 ALY Dealaran #1100 FAREC il MM L=k oAl
] 30 Dvstance LURTE L RE w200 0.8y GY- L
Organization: Part nama
Oparalor: Part numbsar:
E-mail; Piaca: piece 1
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7.17 Annex 15- Sample 2 test 6 report

Control View
Control Ve Mama ol view 1
Unis Blilrmesars
Coordnads Systems.  wrkd
Data Apgranons bewa At fored 3
M| Balstics Tolai- 8B Measursd: 53 {H00.000ON ). Pass: 7 (810345 Fal: 11 (TR SEAEN). Waming: 0 (00000%)
Charbiz.  Object Name Coniral MHom Moas Tol Dev  Test Bt Tel
pmu-!. Oiameier 2,0000 El k] =0 D200 £.0197 Pasu
.'I:i'ﬂl Eq PR 2000 185000 00200 Qo000 Pasu
‘ns 55 40000 -] falari i £.0052 Pass
) coe & LIl i) o 000 2100080 [l ati il Pazs
ml:l:ﬁl Ciameier 2.0000 00 00300 .03MK Fass
@ ooz b ] 188000 18 LmH S0 40W  Pams
& crdle B R ADOD 1B fralir. il aoa Fams
.El'l!il r LI i) G000 #1.0000 D000 Pamu
e IS 1 a0 Demtance a7, oG 5 AEMG =0 0200 OTd  Paas
& ciie T Diameter 2.0000 1 1580 +00200 a.0120 — FYTE
.- ciecls T b T 000 185003 281 00 EaRi ik} Pasu
.:I:h'!’ W R 4000 184007 fralii. i sl alih g Pass
@ rvois 7 z 0000 00000 +1.0000 00000 Pass
) cioin B Chnmaisy 20000 18007 00200 00308 - Q0108
@ reve x B0 AE401) 400200 ooom  Pams
@ on 8 ¥ 58 4000 5 3001 #1120} A000  Puss
'ﬂdl-l 4 000G il a0 &' D008 [l aliif Pafii
e EaE 3 10 Distarca 7,0000 O $00200 amel  Paas
< B 10 Distarcs 17,0000 = 9007 #0360 00000 Pass
- dislanen 4 10 Disinnce 37,0000 W] s0AX0 000800 Puss
< » HElae B 10 Distarca 35,0000 WA 000 aorre Pams
i L] W Msn e I TF S OaA w4 P 11 Fana
- dislanen T 10 Distance 32,000 WA 00300 00081 Puss
<= parcm B 10 Disturca 32,0000 26010 +0 030 ooamm  Pas
- duEnce 8 0 Dwtancs 32,0000 228001 $0.0700 00001 Pass
& checis 11 [hamatsr . 3000 REL #1300 .4308 - ET
& even 11 x (1T Dome 00200 oo0M Paes
@ cwein 11 ¥ 150, 8500 MW 000 Q0000  Pass
@ croe 11 r 0.0000 00000 +1 D000 00000 Pams
& s 13 Chirintss .3000 0 1648 ¥ 1300 0 03Kl - ann
@ wein 12 00060 GO0 00200 oovM  Pams
& eerin 12 ¥ 1 8600 e #1130 00000 Puss
& uiuin 13 I . bo6e moao0  atoooo 00a00 ass
i cun 18 hamaler 0.4000 GE TF] 4010300 0000 Paas
Organization: Part name;
Oparator: Part numbar;
E-muail: Pinca: pioce 1
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@ croe 15 x 00000 oo +0.0200 00080  Pass
& crce 18 331800 s 000 Q003 Pass
@ croe 18 z 8 0000 o000 £1.6000 40000 Paas
@ croe 17 Diamater 0.4000 e +0.0200 000 Pass
® crcie 17 x o000 amas £0.0300 aoias P
& ceoe 17 ¥ B0 1500 0143 <0200 A00A0  Pass
@ cice 17 z 0.0000 4.0000 £1.0000 00000 Paax
— diszanoe 10 A0 Demtance 72 3000 22020 £0.0200 Qo020 Pass
B r— A0 Destance 18 3000 [CETEL +.0200 40138  Pams
o distmnos 12 0 Destance 11,3000 183242 6200 aaa Boa13
-+ mstnce 13 0 Cemtance 1. 6500 189008 +0.0200 o008 . o008
== i 14 a0 Casiarce 23 mmnn 23 2HG0 =il (12H) 0360 Dotsn
— lEEnE 14 10 Cesinnes 23. 2500 F2ns +08200 L0118 Pass
- distancs 16 0 Cestance 108500 1837y 10200 QM8 Pass
- s 17 a0 Casiarce 4 3000 18087 =il 1M aoos? Pass
- diztance 18 a0 astance 103000 183080 10300 40DEE P
== disianos 19 A0 Dixlance 138000 12 S =0 0200 <000 Pass
- e X0 0 Castances ELREE 38 =0 OH] G o0t Faun
== gismnes I a0 Desiance 12 Bo00 A Si = O 0000 Fass
-« HlEAmnoe X A0 Dexlance pLE ] e =0 0200 aavrr Pass
== dumnie 23 0 Cemmnca 03000 o o) D20 Q033 DO
= = eaEnEe M a0 Mesiance L [ el LB &0 0200 -0 0344 noed
L ] a0 [halmncs 21,1000 0T #0200 aaar gaar
== diAanoe 26 10 Cewlanca Al 000 A 1303 il 0300 00303 a0
Organization: Parl nasme:
Oparalor Parl numbsar;
E-mail: Pimsce: place 1
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7.18 Annex 16- Sample 3 test 6 report

Control View
Conlrol View Name  control view 1
Lnits MiBmeters.
Coardinato Systems  warkl
Diata Alignments pestNt bo ref 3
All Stabistics Total: 58. Measured: 58 (100 0000%), Pass: 48 (B2 T5BE%), Fad: 10 (17.2414%), Waming: 0 {0.D000%)
CharMe.  Object Name Control Mo Meas ol Dev  Test Out Tal
@ carcle § Diametsr 20000 18794 +0 0200 10206 W
@ circle 5 X "1B.5000 18,5010 +0,0200 00010 Pass
@ circle 5 ] 55.4000 55,3660 +0,0200 00040  Pass
@ circle 5 F] 0.0000 0.0000 +1.0000 00000  Pass
B circke B DHametar 2.0000 19778 =0,0200 00721 _ -0 D021
H circke 8 X 16.5000 18 4860 =0,0200 =0.0140 Pass
@ cwrcle 6 L 16.4000 184774 =0, 0200 0.01T4 Pass
@ crcle B z 0.0000 0000 =1.0000 0.0000 Pass
== diglmnoe 1 30 Deatance 3T.0000 38 5T85 =0.0200 00216 =005
@ circle T Diametar 2.0000 19672 =0.0200 00328 L0128
@ circle T % 18,5000 ABABEZ  +0.0200 00018  Pass
@ crcle T ¥ 18,4000 18401 +0.0200 00021 Pass
@ orcle 7 z 0,0000 0.0000 +1.0000 00000  Pass
@ cece B Dismatar 2.0000 19684 =0, 0200 00318 - -0.6116
@) circle B % -18.5000 ABABET 200200 00103  Pass
@ circle B ¥ 55 4000 55 M55 +0.0200 00W5  Pass
@ circke B z £.0000 00000 £1.0000 0.0000  Pass
- distmnce 2 3D Destarice 70000 MEEM 200200 00188 Pass
- distmnce 3 3D Destarce 37,0000 A3 200200 00157 Pass
- distsnce 4 30 Destarice 37,0000 M7  20.0200 00083  Puss
- distmnce & 30 Destarvce 35,2000 82113 200200 00113 Pass
- distanee B 30 Dustance a2 5000 RO 20,0200 0.0004  Paas
- distunce 7 30 Destance 32 6000 32 5091 0.0200 00008 Pass
- distince B 30 Dustance 2 5000 LRI 20,0200 0.0027  Poss
— distunce B 30 Dustance 22 6000 R0 £0.0200 0.0002  Poss
@ circle 11 Dismeter 0.2000 01872 0.0200 Ho3ze 0.0128
@ ccle 11 X 0.0000 00158  #0.0200 00156 Poss
@ circle 11 ¥ 55,8500 BSEIS4 20,0200 DOME  Pass
@ cicle 11 z 0.0000 00000  =1.0000 0.0000  Pass
@ circle 13 Diametar 0.2000 01671 +0, 0200 400328 - 00129
@ ecle 13 X £.0000 00128 200200 00125 Paas
@ eirele 13 ¥ 18.8500 WBENE 200200 00107 Poe
@ eircle 13 H £.0000 00000  #1.0000 00000  Pass
@ eache 15 Diamatar 04000 03880 20,0200 00111 Pass
Organization: Part name:
Operator: Part number:
E-mail: Plece: piece 1
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@ ocrcle 15 oo0e o001 =0 0200 00081 Pass
@ orcle 15 231500 73 1553 =0.0200 00053 Pass
@ orcle 15 ooooa 0.0000 +1.0000 00000  Pass
@ arcle 17 Diameter 04000 nagnd +0) 0200 00088 Fass
® arcle 17 W 00000 [T kD] *0). 0200 00130 Pass
@ circle 17 ¥ 60,1500 01382 01,0200 00118 Pass
@ armle 17 z 0.0000 00000 +1.0000 00000  Pass
e distnee 10 “a0 Distance 72.2000 72 1889 +0,0200 00111 Pass
— distmnes 11 30 Distance 16,3000 163140 *01.0200 00140 Pass
e el tmnes 12 30 Distance 16,3000 16 3762 +0,0200 0.0282 _ 0.0062
e disinnes 13 30 Distance 18 8500 185384 01, (200 00116 Pass
— distmnee 14 30 Destance 23 2500 233544 +0, 0200 00044  Pass
= distanee 15 30 Destance 232500 232436 +00, 0200 00064  Fass
= distnoe 16 30 Delance 18,9500 18.0400 £0.0200 00081  Pass
= dintmnoe 17 a0 Destance 16,3000 16.3078 £0,0200 00078  Pass
- distmioe 16 a0 Destance 16,3000 16,3094 £0,0200 00094  Pass
- distmioe 19 A0 Detance 32 G000 22 004 £0.0200 00004  Pass
e disinnes 20 30 Distance 45,2000 351974 *0 0200 L0078 Pass
e disinnes 21 30 Mistance 12 G000 A2 BOGS +01.0200 00008  Pass
e disinnee 22 A0 Mistance 45,2000 BN *0.0200 0O112  Poss
== distnnoe 23 A0 Mustance 0. 3000 03880 =0.0200 00310 00110
== distnnoe 24 A0 Dustance 0. 3000 0. p8a2 =0.0200 <0308 - 40,0108
== disimnoe 25 3D Dustance 211000 211084 =0.0200 00084 Pass
== disimnos 28 3D Custance 5B.1000 B8 .0a =0.0200 {1 0070 Pass

Organization: Part name:

Oparator: Part number:

E-mail: Piece: piece 1
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7.19 Annex 17- Sample 1 test 7 report

Control View
Coning| Vi Mama ool veew |
iniis Milrmesism
Coordnate Sysloms  word
Dala Afgremants st it it 3
Al Slatislics Tolak B8, Massesd: 52 (100 0000, Pama: 45 {77 SR80S Fal umum_m:nmmr
CharMo,  Dbject Hame Cantral Ham Meas. Tal Dew  Test o Tel
-.I:-kl Ciametar 20000 18831 20 0M0 o O Fasx
i ceois & X 188000 18 4665 200200 -0 05 Paas
& ceun ¥ 18, 4000 =4 397 =0 0200 00031 Pass
& ceca B Z 0.nooe o 000 +1 0000 0 5000 Pass
@ ceun Chamater 2.0000 1aTER  a0.0200 Q011 - L0011
@ cruzg x 18 5000 1EANSS  s00200 oa0ues  Pass
[11] el 5 1B 4000 a4t 00200 aga Pusg
@ crueg z 0000 0OO00 410000 00000  Pass
- diasange 1 303 Cestmnce 37 Lo maany 800200 40160 Pass
@ crcie ? Dhamater 1 0000 18710 00200 0,000 - 1 00
@ coue 7 X -1 B8000 ARB0TE 200200 0,000  Pass
@ oeun 7 ¥ 1 4B00 1MA0M  S0.0200 0M  Paas
@ cous 7 z 0/0000 BO0O0 #0000 00000  Puss
@ ceum i Duamstar 2.0000 19728 40,0200 4,032 - 00072
@ ceus B x 188000 ABspan 00200 00732 Paas
@ v i * 55 4000 83877 400200 a0t Pass
@ ceus I B/0000 0 000 a1 0000 00000  Puss
- disiEnce 3 a0 Celance 37,0000 3 a05Y wil (300 o Pues
-~ Bistance 3 0 Deslarcn 47 pocn 58 0BT 4 0200 0012 Pass
- iatancs 300 Dumimrce 17 p L TTEn ol (1200 a0wa  Puss
<= dismnce 8 30 Deslmncs 35,1000 3 3104 #0 0300 00 Faes
-~ qumance 8 0 Cestarce 12 oo X 6007 #0.0200 0000 Pass
- iistanca I 30 Dmtarce 12 poce 2 B3 w0 200 00081 Puss
- ditancs A 300 Cemimrcs 12 RO0O 225000 w00200 00048 Puss
.Y P T 30 Cewmnes 32 00 2 50T0 20,0200 00030  Puss
@ cotis 11 Camater 0 2000 o173 #0200 £.0207 - £ 0067
o ercim 11 X 00060 DOs0 w0000 00160 Pass
@ v 1 T 6. N0 8 83%a #0200 L0 Puss
& ceom 1 Fi 0,000 0 G000 #1 D000 0000 Pass
@ citin 13 [harmntm 1124000 CRE T ofl (1300 .08 - Y
@ crom 13 X 00000 0008 1 o0 0300 0ooat  Pass
@ oeom 12 ¥ . HBGG LT o0 G200 Q00 Puss
@ cetin 13 z [T 0 De00 a1 0000 a0000  Pass
@ cein 18 Disrmats 04000 0 3004 401200 00008 Pass
Organization: Part mama;
Oparalor: Part numbsar:
E-mail: Pioci: piace 1
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— s—

@ crde 13 x Donoo 4.0005 =0 0200 40005 Pass
& croe 18 23 1800 sl +0.0200 apoal Fass
& cerie 18 z 0.0000 00030 #1.0000 00000  Pass
@ croi 17 ameter 04000 a.xea7 +0.0200 0003 Pass
& cecie 17 x 00000 YLLT #00300 BEUE P
& cece 17 ¥ Bl 1500 o E 010200 OM0TE Pams
& ceoie 17 z 20000 0000 10000 Q00 Pas
B —] 30 Distance 322000 72 1004 +0 00 00008  Pass
- = distance 11 30 Diwtance 113000 18 5065 #0030 [T Ly -
-+ s 12 0 Destance 113000 183172 10200 Qo1 Pas
- - disaance 13 30 Dewiance 18 BADG 1agrmz 20200 angre p.oo73
— diwmnee 14 30 Delance 23 3800 FIETTH +0 0200 Q0344 . Bot4s
=+ iyaanos 14 30 Cestnrca 277500 ikl i #0200 ol ki Qo108
- s 10 0 Cemtarcs 1119500 Taart #0200 Qa7 (0087
- diwarvee 17 30 Deslance 182000 183080 00200 aoien  Puss
— TR ] 30 [hminncs 000 AL AN ] #0200 aorea Pass
== [Humnns 19 10 Cemlarca 120000 125071 #0020 0.0037 Pass
~ = dismnen X) I Destanen ELEFEE B opnar il (1K) aoogr Pass
= v MEEnee 21 10 Cnsta et ERNULEE] a2 soar il (MM =l iuiky Pass
- (NN X3 10 Cemlarca 35 2000 ¥ zour 0 0300 aooar Poss
== (o I3 1D Dewinren a0 € e il DM aaart o
=« - S M IO Cais e 0.2000 ﬂﬂ:ﬂl ol (MM 00121 Aot
L ] 30 Cestarei 21,00t 21782 0 0200 aam Bo1aa
=r [N A 10 Demiaros fill, 1000 58 aar ol 200 aoaar BoET

Organization: Part naaie

Oparator: Parl nimbsar;

E +mail: Piaca: piace 1

Feasibility study of combining laser cutting with cold forming in a production line

Pedro Filipe da Mota Preto



ANNEXES

140

7.20 Annex 20- Sample 2 test 7 report

Control View
Conirgl View Nama  comrml view 1
Units MiflrreaEr
Coonfnate Syalams  workd
Dala Apgrenants st 1o red 3
Al Staistics Totar B8 Measwed: 58 | H00_0000% . Pass: 46 [TOIT% ) Fait 12 (20 88T, Warnng: 0 (0.0000% |
Char N, Djact Marmn ‘Coniral Ham Moas Tal Dwrs Tast Dt Tel
& coes Ehameter Z.0000 TEEE | sanE0 T ﬁ
@ croie & K 18.8000 184878 00200 A28 FPass
@ e & 154000 55 3580 00200 00008 Pass
& oroef 4 d.oano [+ o] +1.0000 o000l Pass
@ croie B Dhameter 20000 1.5785 £01.0200 00738 - 410038
@ croe & x 105000 18 ABGS 00200 00135  Fass
& cruie & 1. 4000 1hdiaz +00200 00132 Pass
@) cros B z 00000 T £1.0000 D000 Paas
e disiENCE | 20 Caminnce 170000 BT #0020 0040 Foss
@ oo T Orameter 2 o000 18740 +30200 00280 - 0080
& coecis T X ANLE000 184088 #0200 00611 Pass
@ ceoie T 144000 184004 00200 00004 Pass
& cooie T x unaeg ] =1 0000 ] Pass
@ croie il [hamaier 2.0000 1 0744 #0300 40258 - 400050
@ cvos B X IALBO00 104084 #0020 ooiE  Pass
() crom il ¥ A 4000 S5 2HH D R Paas
§ croe d F opooo [ &1.0000 ao0nl  Paas
-« OIEAEAEE 2 A Cealancs 170000 BN =1 EHH] A0t Pass
- . e A Crmance a7 ooo G A EC] Qotan Fass
== e 4 AL Caslaria Ir.coeg a0t =l (1204 RRLE Pass
-« OIEAEFEE & A Cealancs M 000 353110 = EMH 0e10 Pass
= o C1EEnon 10 [amlanca EER i 1 A6 il SN a2 Fams
- EEe A Campance 13 Bl A7 sury i CIHH) RERLH Faas
- o dintanos § 30 Enminncs 120000 AL #1.0300 0068  Pass
- dlsAEnEe 9 a0 Cestance 12 oo 17 Slea ol 120 0 Daen Pass
& oo 11 LHmmater U 2000 01738 o] 300 40304 - 0004
@ crde 11 X 0.n00e pE4r 0 0200 ao4f  Pass
@ cwom 11 ¥ il ARG f Rald ol (1200 - 0w Pass
) crom 11 & 0 0000 1= 4] u1 CHHH M Fasn
& cvoe 13 Diatmater 03000 1808 #00200 0302 - e
i oFuls 13 x 0.paog 0o 40 0200 L e Masi
i croie 13 ¥ 1H oG 18 ma0n il 13N ReRLLF Fats
o crow 13 z 0 pgca =] =] w1 DO 1 CEHAI Pass
& oEois 18 Dhaimmtsi 0.a000 L gL [Lel=Fii] £1.0004 Pasi
Organkzation: Part name:
Oparaton Part numbsar;
E-mail; Plmcn: place 1
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& cede 15 ¥ 0.0000 .08 00300 ADE  Pass
@ oecie 13 11800 731558 2002 00088  Fass
@ cece 18 z 0000 Q0000 £1.0000 00000  Pass
& cede 17 Diameter 04000 o.3a00 +0.0200 D003 Pass
@ circls 17 x o.0000 anet 400300 amit  Paas
@ cece 17 ¥ 80,1500 0 1402 00300 0008  Pass
& cocie 17 z o oo & H £1.5004 anon  Paas
— distancs 10 10 Destarce 72 9000 721880 400300 o004 Paas
e — 10 Distance 10,3000 163001 400200 aooil  Paas
e —— 10 Deminnce 1413000 1B 41 01 ODANE Pass
-~ distance 13 0 Cistance £ DA TABIM <0 AN BT aarm
— menoe 14 0 Destarce B0 nIm +0.030) 00331 - L0
— Bmance 15 10 Destnncs 232800 Taan =00 opuzd  Paas
= dstanee 18 10 Dvsinree 00 TaB404 +0 0200 Op038  Pass
- Eunoe 17 10 Desance Bl 000 16 30 #0.0HK =110 Fasy
== giaaance 18 I Ceslance R EEH] 163103 a0 02 Qotea Fass
~= psamnee 19 30 Destance 22 B0 2 0an #0030 00084 Pass
== MEAEHE X0 A0 Demtancs 18,2000 LR 0 QM) 0.0038 Paas
== RN 0 Crmlanon 12 Booo prd. -] flaliELi] aoaa Fams
— isAmnee 32 30 Destance 252000 382103 +0 030H) oomws  Pass
= giuianes FY A0 Dwwianca 03000 o i O30 #0034 A0t
= (IEAENOE 2 10 Crmtancn 0. 3000 00N w0200 0.0 aarm
- Eanoe 28 A Chestaracn 21 100G 21 oa62 wll MK Qoian aaran
= divhares 28 0 Deslares i1, 1000 s 05T +00200 BT Ha232
Organization: Part nome;
Oparator: Part numbsar:
E-mall: Pimca: piaca 1
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7.21 Annex 21- Sample 3 test 7 report

Control View
Contral View Mama ool v |
Units Mtsmiessm
Coordnate Sywioms  word
Data AJgrenanis ‘e i dored 3
Al Snisiics Totat: B8 Measursd: 53 (V00 DOOO%), Pass 48 (POLIMIYE ) Fod 12 (20 SEETW), Warming: 0 (0.0000%)
CharHo,  Objecl Name Caniral Hom Maas Tal Dev  Toal B Tel
 oimin & Diamster 10000 ToE| 00200 A0HH Pam
i@ cenin & x 16000 Tldnt 200 40038 Pass
& cere & L A5 4000 55 4080 2 O o080 Fans
@ cece B z 0.0000 00000 £1.0000 00000 Pam
@ cenin 0 [wmter 7.0000 19791 #1120 40020 - £ 3003
@ cuis B x 18000 (LFTIE] 08200 o0t Puss
iy cecle § ¥ VL ADOD 184104 00200 ag1ed  Pam
@ cede 6 z 00000 00000 #1.0000 00000 Pass
= tistance | 30 Destance 76000 N #0200 L0124 Pass
@ oieois T [Hamatey 1.0000 LT 10200 £1.0200 - 410008
@ a7 x JIRLB0 185030 400200 40030 Paes
@ croe 7 ¥ 104020 183030 #0200 L0000 Pums
& coin ¥ fooet 5000 & 1.0000 o000 Puss
i ree A [Hgmmter 1.0000 1 s AR 40,0040 - L0140
@ cenin x 180000 nanta 1 01060 agiet  Puss
@ chuie B ¥ BA. 4000 ECETTL #0. 01200 LE118 s
s e B I 0/0000 00000 #1.0000 00000  Pams
.. T 30 Dwlancs 70000 29050 +0.0300 00048 Pama
- BiEtance 3 30 Dwmtarce 37, pon 36 0643 #0.0200 o081 Puss
e B 4 03 Evwisrcs 17,0000 WO W0000 £02am - oo
we GHMRETYCR 30 Damtancs n. 000 1Iv 00300 00103 Pums
- MR 8 30 Ewmlance 3. 6000 a2 5084 00200 L0008 Pams
- istarice T 30 Ensiaren 31 6000 A3 5073 # E1300 A0 Pums
< iBanCE A 0 Distancs 32,0000 BEETT A0000 o003 Pam
= islance B 0 Cisinrce 240000 o0l #8300 o0 Puss
& cioe 11 Ehummier . 3060 LRLEE +f 01200 03t - aniar
@ ceue 11 x 0.0000 oole) #0.0200 00161 Puass
@ crein 11 ¥ £ 8000 54 83 a6 300 40T Pams
& cecle 11 F f.0000 e o1 B00Y a0y Pass
& erein 13 Dharmbn 03000 .1 408300 2,00t - 0007
@ cecin 12 x 0.0000 ooaa #0000 0o Pams
& crcie 13 ¥ 1 8BS0 (LTI +0 01200 L0007 Pams
@ cide 13 ] 0.0000 £.0000 +1.9000 0oonl Pk
@ cice 15 CHanmmier 0-4000 0363 00200 4007 Pam
Organization: Part name;
Oparator: Part numbsar;
E-mail: Pisoa: piaca 1
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& crde 18 x 0000 aDoss  =00200 00088 Fass
@ cede 18 I3 1200 isa +0 0200 0Doad  Pams
@ ceoe 15 z 20000 00000 10000 00000 Fas
& croe 17 Diameter 10,4000 LR +00300 400z Pass
& cecie 17 X f.0000 oo #010200 4012 Pams
@ croe 17 ¥ 60,1500 11464 #0200 000386 Fasa
@ evcie 17 z 0.0000 20000 &1 0000 Q0000  Pass
v distance 18 0 Dimtance T2 1000 722000 +1 01300 D000 Pass
== distanoe 11 30 Destance 13000 183002 00300 00002  Pass
- cinmnioe 13 0 Dmtarce 3000 183104 +0.0200 0014 Pass
- dizaance 13 30 Betance Tt 188003 00200 .08t D37
= s 14 30 Dimimncs 232800 2004 & 0200 -ﬂm- 00208
=+ (N 15 30 Detarce 21 I500 Saaany ol 0200 L] Pass
= ismnen 18 30 Cesmance (LB ] Lt il (MK oo FPass
=~ anwns |7 30 Desmimnes 13000 163003 & 0200 Li¥a i b Fuss
=« utmnne 18 10 [emlarca H. 3000 1a3wmr 1 0200 aowr Fask
== (ieanne 19 30 Destarcn RERUENH AT5R11 wii OHH A1 [k Fass
- - divance 3 30 Cumiarca 353000 54 1060 0 0200 L0033 Pums
== [Hnianoe 3 a0 Cestarcs 12.0000 petill] #0200 L0017 Fans
=~ s I A0 Deslarcn RLEEE L 2w i MM aom Pass
== dipanes X1 0 Cesimrey a0 ar wll QM) 00327 aor
= VA 4 10 Cestarcs 03000 02472 #0200 £ paxr antar
=+ [HNRENDS 2% A0 [eulares 21,1000 21060 o 200 QT aaanr
== digtaen M a0 Cestanca A8 1000 A nany ] CIMK] £ 0643 0341
Orpanization; Part nams;
Oparalorn: Part niumbsar:
E-mail: Piece: pioca 1
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