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Introduction

This thesis deals with the manufacturing process - laser cutting. Laser datéitigermal cutting process
where it is made use of the physical fact that laser light is absorbed iniaiatdihe process is used for
many materials (primarily metals) in the manufacturing industry. A laser cutting setug be like this,
when not considering safety and control systems; A laser machinetiaaldier, Cutting gas, a cutting
head and an xy-table, see figure 1.1. In such a setup the laser machémeliating a laser beam which
is transfered to the cutting head via an optical fiber. The cutting head isnéelsgw that the laser beam
becomes focused at one spot on a workpiece. In this spot the lasecdigtains so much energy, that
the material melts or evaporates. From the cutting head also a jet of gas isuedthe gas is used
to either push out the material from the cut zone (inactive gas) or alsodtonade energy to the cut
zone while pushing the molten material out (active gas). In traditional lagéng the workpiece is
very close, 20.5mm, to the cutting head (Narendra B. Dahotre, 2008). Further explamdtiba laser
cutting process will be given in chapter 3.

Optical fiber

Laser machine

Cutting head

~{J
~> XY-tabIe
Figure 1.1: Example of a laser cutting setup consisting of a laser magloptical fiber, cutting head, gas, work-
piece and an xy-table.

The first laser was invented in 1960. It was an optical pumped laser asirgy crystal as gain medium.
Since then the technology have been in constant development. In 196 ¢u#ssg was demonstrated
for the first time. This was done using a focused,d&ser and an assist gas jet. (Wandera, 2010) It
wasn't until 1978 that the first flatbed laser cutting machine was introdfarecommercial use. This
machine was actually a punch/laser cutting machine, where the cutting headtatisnary unit and the
workpiece could be moved in the x-y directions using numerical controks y&hr after (1979) Trumpf
(German laser machine manufacturer) introduced a 500-70D04/laser cutting machine (Trumpf,
2012).



1. INTRODUCTION

Through the years the power and the beam quality of laser cutting maclkiveficreased continuously
where the CQ lasers have dominated the market with recently (2011) a market share%fdi7all
industrial lasers, used for metal processing (Belforte, 2012).

In 2005 IPG Photonics introduced the worlds first high-power (>1k\tgrflaser. The fiber laser is
capable of having nearly the best beam quality achievable compared towtheory should be possible
(Paschotta, 2012). For instance can the single-mode fiber lasers loeused ten times better than
CO; lasers (Olsen, 2010). The power output range for fiber lasersagadbte of reaching up to 50kW
(Photonics, 2012a) which allows cutting speeds and penetration degihbedore achieved and expands
the application of laser processing (Shiner, 2012).

The increasing laser beam quality and laser power is of high interestdangmufacturing industry,
since these factors are highly influencing the obtainable quality of the vemd@and allowable material
thickness. On figure 1.2 a comparison of some of the most popular indusgimpower lasers can be
seen. It can be seen how the fiber laser is superior to the other lasefuselustrial purposes for all
the shown process considerations.
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Figure 1.2: Comparison of some of the most popular industrial high-polaser types with respect to process
considerations (Shiner, 2012).
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In the near future lasers are expected to be capable of cutting frontherfulistance to a workpiece
than it has previously been possible, called Remote Laser Cutting (RL&)isTimade possible due to
the introduction of single-mode fiber laser with the necessary power agddaam quality (A. Pihlava,
2011). The RLC technology is currently being developed at the Frdenhwstitute IWS Dresden. The
technology is still limited to cutting in thin sheets (less than one mm steel). Also in D&raramoject
is running on creating RLC. The project, called ROBOCUT, started in 20@0vall be running until
2015 where it is expected that demonstrations of RLC with the ROBOCUT eémmiwill be finished.
(Olsen, 2010)

1.1 Industrial laser cutting applications

In the industry the users of the laser cutting process stretches farbigpgompanies down to small
shops creating products where the company can utilize the advantagesla$eéh cutting process. It
could be companies that specializes in the laser cutting process but alsardesijhat uses the process
as a means of being able to create products without being specialists in theuidisg process.



1.1. Industrial laser cutting applications

Laser cutting in metal is today the most used laser processing process irdtistryrwith over 40%
of the laser processing market shares (Caristan, 2004). The priscgsed for processing various pro-
ducts/parts in various industry areas, see table 1.1 for a brief exampbplafadion areas.

Product example wherein
Area .
laser cutting is used
Aerospace Turbine blades
Automobile Doors
Multimedia TV
Medical Implants
Etc. -

Tabel 1.1: Examples of areas where laser cutting is used along with pleswf products made with laser cutting.

The market for laser cutting is still increasing as it have been for many ysalaser cutting machines
have become better and better and new applications where laser cutting gsedoare found. This can
also be seen from figure 1.3. High power fiber lasers where introdarcdte commercial market in 2005
(Olsen, 2010).
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Figure 1.3: Industrial laser revenue 1970-2011 (Belforte, 2012). Radtal, blue is fiber lasers. The stippled lines
indicates estimations.

$Billion

In relation to the increase in the use of laser cutting in the manufacturing igcarsirthe increase in
the beam quality of the laser cutting process, Bang & Olufsen A/S has shiowterest in laser cutting,
which will be elaborated further in the following chapter.






B&O and laser cutting 2

In this chapter an introduction to B&O and their products, their vision and hosy ttifferentiate their

products, from other products in the same category, is presented. anpdx of a product and how it
is manufactured is presented in order to investigate if there is advantagedvdistages in using laser
cutting instead of a currently used process.

Bang & Olufsen A/S is a company known around the world for their desighhégh-end multimedia
products. The company was established in 1925 in Struer, Denmarky [2@iE2) they have production
in Struer and in Koprivnice, Czech Republic. B&O employ more than 2.000 graptoand had a reve-
nue on 2787 million DKK in the financial year of 2010/2011 (a/s, 2011a).

B&O sell their products from approximately 1000 (>50% in Europe) localestall around the world
that are dedicated to selling B&O products (a/s, 2011b). According to.(Kioftensen, 2009) B&O'’s
customers are mainly those who has a good job position and a high incomegdlo¢ the customers
are 25-54 years and they appreciate design, quality and the functiorfality B&O products. B&O’s
competences are: picture, sound, design, system integration, movingmeshuser interaction, finish
of materials and quality.

On figure 2.1 two of B&O's products are seen. A list of their current @Qiroduct series includes:

Video: Five TV series in plasma/LCD in the range of 32-103 inches.

Automotive: Speaker/sound systems for four car brands (BMW, Axglgn Martin and Mercedes-
AMG).

Audio: Sound systems/home integration.

Loudspeakers: 16 different series (floor standing, sub-wepbeiilt-in and compact).

Spare parts, accessories etc.

Phones.



2. B&O AND LASER CUTTING

(a) B&O sound system, BeoSound 5. (a/s, 2012) (b) B&O speaker grill for the BMW 6 series.
(als, 2012)

Figure 2.1: Examples of B&O audio and video products.

B&O vision

A vision for a company can be said to be its state of mind. It withholds the cortgpaaiyes, purpose and
goals (James C. Coallins, 1996). The vision for B&O have been formulatee istétementCourage to
constantly question the ordinary in search of surprising, long-lastingegpces.

Their vision is expressed through four values:

* Excellence
¢ Synthesis

 Originality

* Passion

The B&O vision demands a high level of innovation since the market constdmlyges. This applies
both to their products and their production. The four values helps them tdammaand develop compe-
tences that sets the direction of innovation in relation to their vision (a/s, 2011a

2.0.1 Differentiation from competitors

Compared to the mainstream multimedia market B&O generally stands out in relatimdtecpquality,
both their technical ability and their design etc. Their description of quality is:

"Bang & Olufsen products are designed to be not only aesthetically pleasingiso essentially
functional and easy to use. The expectations raised by a strikingly indhagpaarance must be
completely fulfilled in terms of high quality performance in all areas when theByis switched on.
Therefore, our excellence in providing the consumer with the highestyne# both ownership and
use rests on "high quality"as the common denominator of all activities anmgbetence areas."(a/s,

2012)

To give an overview of how B&O differentiates from the majority of multimedia camips, different
dimensions of quality is described. According to (Montgomery, 2005b¢ther eight dimensions of the
term quality:

« Performance - Will the product do the intended job?



Reliability - How often does the product fail?

Durability - How long does the product last?

Serviceability - How easy is it to repair the product?

Aesthetics - What does the product look like?

* Features - What does the product do?

Perceived Quality - What is the reputation of the company or its products?

» Conformance to standards - Is the product made exactly as the desigmeted?

In order for B&O to consider laser cutting as a process in their portfolicaégssing techniques, laser
cutting must not compromise these quality dimensions in their products.

2.0.2 Aluminium

In the 1960’s B&O began to use aluminium in their audio receivers and itdms their most used metal
since. Since the 1990’s they have also used it for loudspeaker cabimefsom the 2000’s as speaker
grills in cars. Examples of the use of aluminium can be seen on figure 2.1b.

Aluminium has been important for many years for B&O and they now havelajg@e skills with alu-
minium surface treatment to the point where they are unparalleled in the ndikis is one of the
reasons why they have been able to differentiate themselves from theietiboms. Technologies they
master (or have developed) in relation to working with aluminium is among otAérsoat on casts,
aludisplays, protective coating in anodizing, electrochemical machinitegtse grinding, black laser
marking etc.

Design aspects in using aluminium

The design aspects consists of the atmosphere the material entails. Crediblilgytaentic appearance
is some of the most important features of the material and therefore thecggo#then a user interacts
with the material, it must feel right (as is looks) and give the user a congreiperience. Beautiful
surface finish, in many different colors, can be obtained throughizingdand/or polishing processes.

Technical advantages using aliminium

The technical advantages is among others: Light weight (with a relativestiifness), able to be ano-
dized in many different colors giving a hard and durable surfacg,tegaocess/form, causes no distor-
tion of sound since it is a "dead" material, recyclable etc.

The mechanical properties of aluminium is relevant, for example for an atit@speaker grill which
is often mounted in the side of a car door. In a car, the speaker grill mgywwedl be exposed to a foot
banging on it or something lying against it. It must therefore be resistant @acihand getting scratches.

7



2. B&O AND LASER CUTTING

2.1 Manufacturing processes at B&O

As an example, of which processes a product goes through in thegtiadat B&O in Struer, Denmark,
a speaker grill in aluminium is used, see figure 2.2. Since this productyehiottroduced on the market,
not all information about it is known. This example will primarily introduce theaspt of producing
speaker grills.

Figure 2.2: Speaker grill for an unknown car. The level of completiongauntil the shaping process according to
figure 2.3. The width or the grill is approx. 40cm.

The sequence in which the speaker grill is processed can be seemn@nZig and is described through
eight processes:

e Stamping/mechanical cutting: First aluminium sheets delivered from B&Qipl®r are stam-
ped/cut into smaller sheets to make handling of the sheets easier and to mdiextsdisinto the
next machines that they must go through.

* Welding of mounting poles: On the stamped/cut sheets 13 mounting poles oadke&de of the
grill is welded on.

» Circumference processing: Afterwards the circumference is milled taadrand smooth edge
which is curved.

« Hole drilling: When the edge is processed several hundred holesilbed th the grill (in some of
the other speakers grills that B&O produce the holes are stamped out).

¢ Shaping: In the shaping process the speaker grill is formed makinglilelourved.

« Anodizing: When all the mechanical processing is done, the spedkegyogs through the electro-
chemical process, anodizing, which creates a hard surface, prgtdwtispeaker grill from scrat-
ches etc., and colours it.

e Laser engraving: A laser engraving machine engraves the compaayiridhe surface of the
speaker grill.

« Packaging: Lastly the speaker grill is packed and sent off to the buyer

On figure 2.3 the process of interest further in this thesis is marked withsqrede.

8



2.1. Manufacturing processes at B&O

Stamping maching Welding CNC-machining

Clip/stamp of raw sheet | ————Jp | Welding of mounting poles| ——— Circumference milling |—|

CNC-drilling machine Punch Anodizing-facility

Re-shaping > Anodizing |—|

|

S Drilling of holes

Laser

> | Ingraving of logo |H | Packaging I —— P Installation in car door

Figure 2.3: Manufacturing processes at B&O for a car speaker grill. Theaamarked in red is the process of
interest in this thesis. The black boxes refer to the prqgabssext above the used machine.

2.1.1 Hole processing

The processes used at B&O, for making holes in different speaker, ggitlsilling and stamping. Itis a
very important process for the performance and aesthetics quality gb¢lad&er grills. This is since the
performance of the loudspeaker depends on the number and formradlgse(has to do with how much
air the speaker can "breathe™) and the aesthetics appearance slepghd design of the pattern of the
holes.

On figure 2.4 a speaker grill for an Audi is seen. Compared to the grillgandi2.2 it has a lot more
holes. This grill is made with a stamping tool, which stamp out the holes in three steps

The reason why some of the holes are made through the stamping prodessmam through drilling
depends of the lot size of the specific workpiece and the complexity of it. @nén the lot size is big
enough is it cost-effective to invest in an often expensive stamping tool.

An alternative to using drilling or stamping for processing the holes in thekepegills could be laser
cutting. B&O currently doesn’t use laser cutting in their manufacturing ofddrieir products. Mainly
due to the reason that they don’t have much knowledge about the pracdshow it will perform in
relation to their products.

In order to make an assessment of wether or not laser cutting can safi€fig Brocess requirements
when making holes, criterias which are important when making holes at B&€8earg. These criterias
will then be used for a comparison with the currently used processeritéieas are:



2. B&O AND LASER CUTTING

Figure 2.4: Speaker grill for a speaker to an Audi. The number of holedb®sa 3000. The holes in this speaker
grill is stamped out in three steps. The width of the grill igoeox. 25cm.

e Setup time in changeovers: The setup time between making other types obheleskpieces
with different designs.

» Repeatability: To which degree it is possible to continously recreate the szsuk of the cut
holes.

* Reliability: Reliability in relation to breakdowns and maintenance.

« Design sensitivity: Sensitivity to design changes after launching a ptioduof a workpiece.

« Hole versatility: The complexity in hole design which is possible to be createdthetprocess.
« Dimensional tolerance: The dimensional tolerance of the cut holes.

* Production rate: The rate at which holes can be cut.

» Tool wear: The amount of tool wear there is from process.

« Capital investment: The amount of money needed to buy a machine for ttifispeocess.

» Tooling price: The price of the tools for the process.

The criterias may have different weigths of importance for B&O, which isimgdtided in the compari-

son, see table 2.1.

From table 2.1 it can be seen that laser cutting is superior to the drilling andistapipcesses in the
following criterias; setup time in changeovers, design sensitivity and hoséatigy. This can be taken

advantage of especially in small lot sizes and give more freedom regdtaimesign of the hole pattern
in a workpiece. This corresponds well with the kind of production that B&® tor some of their pro-

ducts, such as limited edition automotive speaker grills.

There is formed a basis for further studying the laser cutting procestatioreto hole processing. The

10



2.1. Manufacturing processes at B&O

Criteria Process Drilling | Stamping| Laser cutting
Setup time in changeovers Medium | Very high | Very low
Repeatability Very high | Very high | Very high
Reliability Very high | Very high | Very high
Design sensitivity Medium | Very high Very low
Hole versatility Low High Very high
Processing tolerances High Very high High
Production rate Low Very high Medium
Tool wear Low Low Very low
Capital investment Low Medium High
Tooling price Low High Low

Tabel 2.1: Relative comparison of drilling, stamping and the lasetiogtprocess for use in hole processing in alu-
minium at B&O. The comparison is inspired by (laser Divisid@12), (GROUP, 1998) and (Narendra B. Dahotre,
2008).

guestion that needs to be answered is, if the quality of the laser cut, that B§re, can be obtained
by the use of the laser cutting process. The general objective for tisis ikeherefore:

To which extent can laser cutting be used for hole processing of high qualipieces in aluminium at
B&O?

11






Laser cutting processing 3

The purpose of this chapter is to give an overview and understanding ddslr cutting process. For
this purpose a process model is introduced. The process model \atk the quality of cuts made with
a laser machine with the factors that influence them.

The laser cutting process works in principle by focusing a laser beanwarkpiece that needs pro-
cessing, see figure 3.1. Due to the focused laser beam the workpieeatéd fup in the small area
around it. This causes melting of the material. The molten material is ejected thtmgbttom of the
workpiece due to the pressure of a cutting assist gas. The area frene Wie material is removed, is
called the cut kerf.

Laser beam

Assist gas

Cutting nozzle

Cut surface Cutting direction

_
Reflected beam

Figure 3.1: Principle of how the laser cutting process works.

Molten material

Jjected material

The cut surface inside the cut kerf, that is created when cutting with g faag have different quality
depending on how the laser cutting process is controlled.

A process model is set up in order to describe and analyze the relatitmsepethe parameters and
variables of the process. On figure 3.2 a general model of a proceseris It can be seen that both
controllable and uncontrollable parameters have an effect on the otiina jprocess. This also applies
to the laser cutting process, where uncontrollable parameters includaicspeoperties of the laser
cutting setup. By using the general process model it is possible to desdréiaffects the quality of the
cut. In this thesis it is defined, that the inputs to the model, is in form of conarzdivies, the uncontrol-
lable parameters are equipment parameters, the controllable parametemsiqriece parameters and
the output is the quality of the cut described through quality parameters.

Through this thesis the definition of the inputs, controllable/uncontrollabknpetiers and output for the
process model is:

» Control variables are characterized as being the variables that are changeable in thegroc

13



3. LASER CUTTING PROCESSING

Controllable parameters

Workpiece
""" ¢ parameters

Inputs Output Control Quality

> Process > variables Laser cutting parameters
—> —>
process

T T ..... T ? Equipment

Uncontrollable parameters parameters

(a) General model for a process or system. (Montgomery, (b) Process model for laser cutting, inspired by
2005a) (Kristiansen, 2012).

Figure 3.2: General process model and laser cutting process model.
» Equipment parametersare fixed according to the specific equipment used. In theory the equip-
ment parameters are changeable because parts of the equipment thdtdamube changed.

» Workpiece parametersare in this thesis controllable because it is possible to replace the used
workpiece.

» Quality parameters denotes the quality to be achieved from process execution.

3.1 Control variables

The changeable variables depends on the specific laser cutting syseenunitol variables for the laser
cutting process in this thesis are:

Cutting speed

Is the relative speed between the workpiece and the laser beam duting.cu

Focal point

Is the offset from a defined plane to the point along the laser beam, vilere the smallest
spot diameter, see figure 3.3. In this thesis the plane which the focal paintifset from is the
bottom surface of the workpiece.

Operating laser power

Is the power the laser operates with in the workpiece during cutting.

+ Assist gas pressure

Is the pressure of the assist gas during laser cutting. The gas mréssneasured before it
enters the cutting head.

Stand-off distance

Is the distance from the tip of the cutting nozzle to the workpiece, see figtire 3

14



3.2. Equipment parameters

Smallest Laser beam
spot —= oo
diameter % Top
surface
+ FP, \ /
- * Bottom
FP3 surface

Figure 3.3: Examples of three different focal points (FP). The blue imicates the reference plane which in this
thesis is the bottom surface of the workpiece. If a FP is béfmblue line it will have a negative value. If the FP
is above the blue line it will have a positive value. The firstl econd FP on the figure therefore have positive
values and the third FP a negative value.

Laser beam

Cutting nozzle

Stand-off distance

Workpiece

Figure 3.4: Graphical definition of stand-off distance.

3.2 Equipment parameters

The characteristics and capacity of a laser cutting system is decisiveefdagtr cutting process and
the obtained result. In the following, equipment parameters that influermmaeaigc and metallurgic
quality of the cuts made with a laser, are presented and explained. Thegtara are categorized into
the following five sections:

* Laser type

Optical system
* Maximum laser power

* Nozzle parameters

Assist gas type

3.2.1 Lasertype

In this thesis two lasers both of the type; continuous wave solid state lasetse.

The used lasers are a Nd:YAG laser and a single mode fiber laser. Tieebeth solid state lasers,
which means that the gain medium which is used to create the laser beam is instatelid here also
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3. LASER CUTTING PROCESSING

exist laser machine where the gain medium used to create the laser is ofrdooththan a solid state
form, for example gas. A common laser using a gas as gain medium is &64D.

Solid state and gas lasers have different wavelengths, depending gaithmedium which the laser
is based. The shorter the wavelength, the better the laser beam is abkprtbee material. This hap-
pens because the more energetic photons from the laser beam is didspebgreater number of bound
electrons in the workpiece (William M. Steen, 2010). This entails that moreeoétiergy in the laser
beam will generate heat in the workpiece. When cutting in materials, thatahlaiggn value of reflecti-
vity and thermal conductivity, such as aluminium, it is therefore better to useavath low wavelength.

The approximate wavelength of the three lasers mentioned before atasfo

* Fiber laser: 106um
* Nd:YAG laser: 106um

* CO, laser: 106um

It can be seen, that the fiber laser and the Nd:YAG laser both have a tenldiverswavelength com-
pared to the C@laser. Based on the wavelength, be best laser type to use, is either agireor an
Nd:YAG laser, when cutting in aluminium.

As it was described in the beginning of this section this thesis only deals witiinaons wave la-
sers. A continuous wave laser is a laser that emits a laser beam continlilogsigtrast to a continuous
wave laser there also exist pulsed lasers that emits a laser light in shas.pMiany different types of
pulsed lasers exist. These are not described in this thesis. The mairmliisrbetween the two types of
lasers are that a continuous wave laser delivers a high averagegubiseam and a pulsed laser delivers
short pulses of very high power and a low average power (Hangég) 2

3.2.2 Optical system

The optical system which in this thesis is defined as the collimation lens, fosahfehoptical fiber, see
figure 3.5 are highly important in relation to achieving a high quality cut. Theafdlee collimation lens
is to limit the angle at which the laser light spreads out (diverges). Ttred fens’ role is to focus the
beam, so obatins a high enough intensity in the smallest beam spot, to cut ik@eger The optical
fiber delivers the laser light from the laser machine to the cutting head in wéotollimation lens and
focal lens are placed. The reason why the collimation lens, focal lensgtiul fiber are so important
in relation to the quality of the cut is because the ratio between them are @dnicélation to how small
a beam spot diameter can be achieved, see equation 3.1, (GmbH, 2004).

f

dor = fi‘dk (3.1)

Cc
Wheref is the focal length of the focal lens which is the distance from the focaltendere the mini-
mum spot diameter is locatedys, see figure 3.5f; is the collimation length of the collimation lens
which is the distance from the optical fiber to the collimation lelygs the core diameter of the optical
fiber.
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3.2. Equipment parameters

The smaller the beam spot diameter, with a given amount of laser powerigther tthe intensity of
the laser light is. The intensity is important since it determines what materialsfasbwnd how thick
workpieces can be cut with the laser. It is in this relation important to be aWwat¢he beam cannot be
made infinitly small in order to achieve a high intensity. This is because the hieametér at some point
will become so small that the molten material cannot be ejected out of the botttira wibrkpiece by
the assist gas. If the beam diameter is too small, there is a high risk for the molteratmanly to flow
around the beam an re-solidify on the backside of the beam (Kristiab828).

Itis in this relation important to remember that the highly reflective materials sualuminium doesn't
absorb as much energy as materials which aren’t higly reflective. fiinera higher intensity is nee-
ded for cutting two materials with the same thickness where one is aluminium ans @gilar steel,
presuming that it is cut with the same laser cutting system.

d Collimation lens  Focusing lens d
of

Fiber N/ \V\
f. f

Figure 3.5: Principle of collimating and focusing a laser beam. f is thedl length, § is the collimation length,
dk is the core diameter of the optical fiber angk ds the smallest beam spot diameter. (GmbH, 2004)

3.2.3 Maximum laser power

Because power and smallest beam spot diameter are desicive for hiovarnigtensity that can be
achieved in the smallest beam spot diameter, the maximum power is critical inmdlagghieving an
intensity which is high enough to cut in a specific material. In this case aluminium.

3.2.4 Nozzle parameters

Considerations with respect to nozzle parameters are important in ord#tato an effective removal of
the molten material from the cutting kerf. By optimizing the removal of the molten mbiteggossible
to obtain higher cutting speeds and better cut quality (Narendra B. DaR008). Two of the important
nozzle parameters are:

* Nozzle design

* Nozzle diameter

Several nozzle designs developed based on gas dynamics exist. fEhendifozzle designs each have
their drawbacks and advantages. Some designs improves cutting sdesanthe capability to cut thi-
cker materials. For more information about nozzle designs see (Nar@nbB@hotre, 2008). The nozzle
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3. LASER CUTTING PROCESSING

diameter is mainly governed by the thickness of the workpiece. Thick war&piare often cut with
larger nozzle diameters (>1.5mm) than thin workpieces. A large diameter otittiegcnozzle is less
sensitive to misalignment of the laser but also introduces a larger consuropéesist gas compared to
a small nozzle diameter. (Narendra B. Dahotre, 2008) Due to assisbges it is desirable to keep to
pressure as low as possible, without compromising the cut quality.

3.2.5 Assist gas type
In relation to making high quality cuts with a laser the assist gas type is of greattange. Several

gases are used in laser cutting and can be categorized as:

* Pure reactive gasses
» Pure inert gasses

* Neutral gasses

The reactive gasses such as oxygen and hydrogen, apart frotimgjthe molten material, provides
extra energy to the cut zone because the gas reacts with the laseltiggnaae heat. This enables the
possibility to for example cut thicker workpieces. The downside is thativeagcutting gasses provides
a lower cut quality compared to a non-reactive gas. (Narendra B.tE@Bal2®08)(Caristan, 2004) A rea-
ctive gas may therefore not be able to create a high enough cut qualibefpurpose of this thesis.

A Pure inert gas such as argon is the best solution when concerningutigfualities. The downside
is that inert gasses compared to other types are more expensivendiaBe Dahotre, 2008)

Neutral gasses such as nitrogen will in most cases not react with the cpttngss. The results in
cut quality are not as good as pure inert gasses but is instead claeaptirerefore often better to use
instead of a pure inert gas. (Caristan, 2004)

3.3 Workpiece parameters

In laser cutting the workpiece parameters influence the cutting processwvdikpiece parameters are:

 Specific material properties

» Material thickness

Specific material properties

The thermal properties of the material which shall be cut has a greatrinéumn the laser cutting process.
Some of the most important properties for metals in relation to laser cutting is thmeaheonductivi-
ty and the reflectivity of the surface (Wollenberger, 2012). Aluminium rsefcample a very thermal
conductive and reflective material compared to steel. Aluminiums higher theanductivity and re-
flectivity entails that less energy is absorbed by the material. The energig thidasorbed is dispersed
faster in aluminium compared to steel making it more difficult to obtain a high teryvera the cut
zone.
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3.4. Quality parameters

Material thickness

The thickness has a significant impact on the cutting process in relation fasegpower and cutting
speed. It also affects gas pressure as a deeper cut kerf mayerachigher gas pressure to be able to
eject the molten material at the bottom of the workpiece.

3.4 Quality parameters

This section refers to a litterature study, that is based on scientific paersised papers can be found
on the appendix-DVD in the folder "Chapter 3/Papers".

According to (Association, 2002) the quality of the cut surface can berieed by the following chara-
cteristics:

» Perpendicularity or angularity tolerance (PAT)

Mean height of the profile (MHP)
» Melting of top edge (MTE)
» Dross

Furthermore other characteristics can help determine the quality of the @, dte

» Heat affected zone (HAZ)
» Kerf width (KW)

» Kerf taper (KT)

3.4.1 Perpendicularity and angularity tolerance

The perpendicularity and angularity toleranagis defined as the distance between the highest and the
lowest point (not taking thickness reductiaa into account) of the cut surface when seen in profile, see
figure 3.6.

The control variables and/or workpiece parameters which affect tipepeicularity and angularity tole-
rance is unknown since this quality parameter haven't been descriteeehele in the studied litterature,
than in (Association, 2002).

The way that the perpendicularity or angularity tolerance is measured isibyg a guide device, for
example a pickup, in the thickness direction. The guide device has to bengéeplar to the intended
cut angle and has to have a stylus point radius of maximum 0.1mm (Assoc2Qio?),.

3.4.2 Mean height of the profile

The mean height of the profile relates to the surface roughness of tkpieme. The mean height of the
profile, R;5, (calculated as in equation 3.2) is defined as the mean of 5 roughnedssampsuring the
highest and the lowest point, see figure 3.7a.
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3. LASER CUTTING PROCESSING

A
Aa

b) Bevel cut

Figure 3.6: Graphical definition of the perpendicularity and angulgriblerance. Where u is the distance between
the highest and lowest point of the cut surface when seentfrerside Aa is the thickness reduction aiftlis the
angle of the cut compared to the vertical direction.(Asationh, 2002)

Zh o2 2Zh zt, 2t Cut surface Cutting direction

In

I I
Mean height of profile

(a) Graphical definition of the mean height of the profile. Whe-(b) lllustration of mean hight of profile on the cut surface.
re Zt to Ztz is the distance between the highest and lowest

point in each sample. In is the evaluation length and Ir is the

sampling length which shall /5 of In.(Association, 2002)

Figure 3.7: Mean hight of the profile from two viewing angles.

I+ Zb+ 2+ 2+ Zts
5

When high quality cuts is needed the lower the value of the mean height ofdfike pne better. If the

mean high of the profile has a high value, it can be visible on the cut suwfatiee workpieces, which

must be avoided on the high quality workpieces from B&O.

According to the information found from the litterature study, control vaeisland equimpent parame-

ters that affect the mean height of the profile significantly are:

Rz (3.2)

 Cutting speed

In order to obtain a low value of the mean height of the profile the cutting ssfemadd have
a moderate value.

» Focal Point
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3.4. Quality parameters

For aluminium, dross is reduced when the focal point is placed in the botttime eforkpiece.
Placing the FP above the workpiece can entail dross (Caristan, 2004).
» Operating laser power
In order to obtain a low value of the mean height of the profile the operatiry fasver
should have a moderate value.
* Assist gas pressure

In order to obtain a low value of the mean height of the profile the assistrgasure should
have a moderate value. The assist gas pressure interacts with the asgigtegfor this quality
characteristic.

» Assist gas type

In order to obtain a low value of the mean height of the profile the assist passtyuld be
inert.

The mean height of the profile can be measured using a precise measatingignt such as an electric
contact stylus instrument(Association, 2002). It is important to notice thahtgesurement is done on
the cut surface in either the cutting direction of opposite of the cutting direction

3.4.3 Melting of top edge

During cutting the top edge of the cut may become rounded off due to melting tippredge. A measure
of how much the edge is rounded off is the radiysf the rounded edge, see figure 3.8.

/ ‘ /

L

a) Sharp edge b) Molten edge c) Cut edge overhang

Figure 3.8: Graphical definition of the melting of the top edge. Where ths radius of the rounded off
edge.(Association, 2002)

It is unknown what control variables and/or workpiece parameteesiafinelting of top edge because
the phenomenon isn't described in the studied litterature. A reasonalde goeilld be that the cutting

speed and the operating laser power influences it, because it affectalnh energy goes into the ma-
terial, thereby how large the for melting the top edge becomes.

In relation to processing high quality holes with laser cutting melting of top edggdste be controllable
because it influences the appearance of the holes. It is noticeabla rtthtis on zero is not realistic.
According to (Association, 2002) melting of the top edge can be measuireglaisadius gauge.
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3. LASER CUTTING PROCESSING

3.4.4 Dross

Dross is material which haven’t been fully expulsed in the cutting procetsetassist gas and as a result
of this have resolidified on the bottom of the cut edge, see figure 3.9.igherlthermal conductivity of
aluminium entails, that is resolidifies faster than eg. steel.

Figure 3.9: lllustration of dross on a cut edge.(Wandera, 2010)

According to the information found from the litterature study, control vaesland equipment parame-
ters that affect dross significantly are:

Cutting speed

In order to obtain a low value of dross the cutting speed should have a iigé. v

Operating laser power

In order to obtain a low value of dross the operating laser power shouedahhigh value.

Assist gas pressure

In order to obtain a low value of dross the assist gas pressure shagdlfagh value. The
assist gas pressure interacts with the assist gas type for this qualitgtehistea.

Assist gas type

In order to obtain a low value of dross the assist gas type should be inert.

Often dross is unwanted because it gives a rough bottom surfacewbtkpiece that has to be removed
by machining the workpiece. Another reason that dross is unwanted orkpiace is that it can become
a hazard to customers and/or workers who shall handle the workpikiseisTdue to the fact that dross
can be very sharp.

According to (Association, 2002) there is no standard of how dross isumeg
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3.4.5 Heat affected zone

The Heat Affected Zone (HAZ) is the area which is affected by the heatldped when the laser cuts
in the workpiece. An example on the HAZ can be seen in figure 3.10.

HAZ

Matrix

100um

Figure 3.10: Heat affected zone of a laser cut of a titanium-alloy.(NdrarB. Dahotre, 2008)

According to the information found from the litterature study, control vdeisland workpiece parame-
ters that affect the HAZ significantly are:

Cutting speed

In order to obtain a low value of the HAZ the cutting speed should have a lailgie vThe
cutting speed interacts with the operating laser power for this quality chesgicte

Operating laser power

In order to obtain a low value of the HAZ the operating laser power showd adow value.

» Assist gas pressure

In order to obtain a low value of the HAZ the more the assist gas pressubettiee.

Material thickness

In order to obtain a low value of the HAZ the material thickness should be thin.
In the HAZ the mechanical properties of the material changes which mayveanted. It is also pos-
sible that the heated up material changes color which one may have to avadabtRpiece is going

to be used as a visual component in a product like for example is the casmarnthof the aluminium
workpieces in B&O products.

The HAZ is often investigated using an optical microscope or a scanningaemicroscope often
refered to as SEM.

3.4.6 Kerfwidth

The kerf width (KW) is the width of the cut kerf created by the laser an eXawifpa kerf widt is seen in
figure 3.11. The width represents the removed material.
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3. LASER CUTTING PROCESSING

kerf width:{ =

Figure 3.11: Cut kerf with varying kerf width. This kerf is made with a maldaser beam, whith entail the large
KW variation. (Wandera, 2010)

According to (Caristan, 2004), (Wandera, 2010) and (A. Stousn&@09), control variables and work-
piece parameters that affect the KW significantly are:

Cutting speed

The lower the cutting speed, the larger the KW becomes.

Focal point

The focal point affects the beam spot diameter in the workpiece, wiffiett éhe size of the KW.

Operating laser power

For higher values of the operating laser power, the KW will increase.

Assist gas pressure

A high assist gas pressure will remove the molten matarial more effectiiehwentails a larger
KW.

Specific material properties

In general materials with high heat conductivity causes wider kerfs.

The KW in itself is not unwanted but the variation in it often is, especially if thétian is visible to the
naked eye. Large variations in the KW entails that cuts that should be stoaigiund will not be so. In
the case of cutting holes as is the objective of this thesis large variations in K\&réefore unwanted.

According to (Association, 2002) there is no standard of how to measaikthbut in (Avanish Kumar Dubey,
2007b) the KW is measured using a microscope.

3.4.7 Kerftaper

The kerf taper is a parameter that describes the angle between the toptenmd bf cut, compared to
what is intended. Kerf tapering occurs because the laser beam igfbons specific spot and diverges
afterwards. Kerf tapering is especially seen when cutting thick workpig€ae figure 3.12 kerf tapering
can be seen.
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KWiqp

!

Sheet thickness

KWboﬂom

Figure 3.12: Example of a tapered cut kerf and the measurements neededl¢otating the kerf taper.

The tapering angle is calculated as in equation 3.3 (G. Thawari, 2005).

(3.3)

K —K
Taper angle:tan1< Wop WDO"""’)

sheet thickness

Where KW, and KWhottom s the width of the top of the kerf and the bottom of the kerf respectively.

From the information found in the litterature study, control variables andkpwece parameters that
affect the kerf taper significantly are:

Cutting speed

In order to obtain a low value of the kerf taper the cutting speed shouldehlaig value. The
cutting speed interacts with the pulse frequency for this quality characteristic
 Focal point

In order to obtain a low value of the kerf taper the focal point should beelite work
surface. This focal point interacts with the material thickness for this quaigyacteristic.

Operating laser power

In order to obtain a low value of the kerf taper the operating laser povaerdinave a low
value. The operating laser power interacts with the material thikness forualisyqcharacteristic.

Material thickness

In order to obtain a low value of the kerf taper the thinner the material thiskihesless the
influence is from this factor.

Kerf tapering is as many of the other quality parameters wished kept at a minecanise the workpie-
ces will have to be machined afterwards to remove the tapering if the tapeghgia too far away from
the wanted result. Kerf tapering might though also be possible to use afiya testure, if the process
can be controlled. The most desirable KT angle is zero.

Kerf tapering is measured using a measuring microscope. The top and batbmidth is measured
and a kerf tapering angle is calculated.
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3.5 Summary

Through this chapter the laser cutting process have been introducedwaocess model used for descri-
bing the various variables/parameters in laser cutting has been predartae 3.1 the control vari-
ables/workpiece parameters that influences the quality parameters is sumpnfddaua value, low to
high, is given for each control variable/workpiece parameter as araitholicof how to get an optimum
setting for the specific quality parameter. In the table question marks camib@ssome of the quality
parameters. This is due to not being able to find any documentation on whanicdls these parameters.
In table 3.2 the equipment that can be/are used for determining the value gdidhty parameters is

TP
etler

given.

Quality parameter

Settings of the CV,
EP and WP affecting
the quality parameters

Settings of the CV, EP and

to get the bestresult for

the specific quality param

Perpendicularity and
angularity tolerance

Mean height of the profile

Melting of top edge

Dross

Heat affected zone

Kerf width

Kerf taper

~J

Cutting speed
Operating laser power
Assist gas pressure
Assist gas type

?

Cutting speed
Operating laser power
Assist gas pressure
Assist gas type

Cutting speed
Operating laser power
Assist gas pressure
Material thickness

Cutting speed

Focal point

Operating laser power
Assist gas pressure

Moderate
Moderate
Moderate

Inert

?

High
High
High

Inert

High
Low
More

Low

?
?
?
?

Specific material properties Low heat conductivity

Cutting speed

Focal point

Operating laser power
Material thickness

High

Above the work surface

Low
More

Tabel 3.1: Control variables (CV), equipment parameters (EP) and ke parameters (WP) influencing the
quality parameters significantly. The table is inspired Bydnish Kr. Dubey, 2007).
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Quality parameter

Measurement equipment Measurement uni

[

Perpendicularity/angularity tolerange Pickup height

Mean height of the profile Electric contact stylus height
Melting of top edge Radius gauge radius size

Dross Measuring microscope height

Heat affected zone SEM/Optical microscope length

Kerf width Measuring microscope width

Kerf taper Measuring microscope angle

Tabel 3.2: An overview of what equipment can be/are used for detergitia value of the quality parameters.
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Case study

In this chapter the workpiece, which is used as reference in this thesisgsemed and measured. A
definition of a high quality workpiece from B&O is given from determining the watdi¢he quality pa-
rameters on the reference workpiece.

It has not been possible to get a clear definition of how laser cut hotedeaeclared high quality
from B&O. Therefore a definition of high quality processed holes is madésrtibsis from measuring
and inspecting a workpiece. The holes are assessed with respect taatltg parameters previously
described (chapter 3).

In order to set up the requirements for high quality laser cut holes, apiemt with drilled holes, cur-
rently being manufactured by B&O is used as reference, see figure 4.1.

Figure 4.1: B&O speaker grill for an unknown automobile. The width is @pp 40cm.

4.1 Definition of high quality holes

The method used to define high quality laser cut holes, is through the quakimegers previously in-

troduced (chapter 3). The quality parameters includes PAT, MHP, MidssgdHAZ, KW and KT.

The quality parameters and dimensional tolerances are measured frorapdfttire top and bottom side
of the workpiece and a picture taken of the holes in profile, see figuregirgy the method described in
appendix A. The method may not be the optimum method for measuring all the qpeatiiymeters, but is

used due to a lack of resources in time and measuring equipment. Bec#luisetbe quality parameters
PAT and MHP are not measured and therefore not included in the retgntespecification. Throughout
this thesis PAT and MHP are therefore not evaluated for the laser clupigoes.

The individual quality parameters are evaluated from the following pictures
* Picture of top surface: KW, KT, HAZ.

* Picture of the profile of a hole: MTE, dross.
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¢ Picture of bottom surface: KW, KT, HAZ.

Top surface
Part of workpiece

)

Profile of hole
| Bottom surface

Figure 4.2: The views the pictures are taken from.

4.1.1 Quality parameters

Through measuring and visual inspection of holes in the speaker griipiaare, the quality parameters
are evaluated. The quality parameters MTE and dross are evaluatetifodmoles, whereas the quality
parameters HAZ, KW and KT are evaluated from 10 holes.

MTE

From figure 4.3 it can be seen that the drilling process does not leavel&pidenomenom because
it isn't a thermal process. Even though the current process ddesm# an MTE phenomenom it still
creates a rounded edge which instead will be used to set up the reféoeMTE. MTE is described as
either a sharp edge, molten edge or an edge with overhang as in figure 3.8.

Figure 4.3: Stereo microscope (Wild M8 Heerbrugg) picture of the prafila hole in the drilled workpiece, zoom
25.

In order to describe wether an edge is sharp, molten or with overhargjinétidn is be made. In this
thesis this is done by measuring the radius of the edges of the drilled hatefigsee 4.4 and 4.5. In
table 4.1 the results of measuring the top edges are seen. The top edgebaéthfor the speaker grill
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4.1. Definition of high quality holes

are defined as sharp edges. A distinction between sharp and moltenbadgelson the results is made
as follows along with edges with overhang:

» Sharp edge:£35um

» Molten edge: r>3am

» Edge with overhang: melt is attached to the inner side of the kerf.

Figure 4.4: Pictures of the top edges of hole 1 in profile, taken with a Mi&lHeerbrugg stereo microscope with
zoom 50.

o7 L)) L0 5

L o 74 Vs =
ge of hole 2 - defined as sharp edge. (b) Top right edge of hole 2 - defined as sharp edge.

(a) Top left ed

Figure 4.5: Pictures of the top edges of hole 2 in profile, taken with a \M&lIHeerbrugg stereo microscope with
zoom 50.

Dross

In a drilling process burr may occur at the bottom edge of the drilled wotkpisee figure 4.3. The
quality parameter directly relating to burr, in a laser cutting process, is.dbosgicture 4.3 the height of
the burr of the drilled holes can be seen. The burr is only visible when Igadirthe hole profile through

31



4. CASE STUDY

a microscope. The height of the burr is measured to have an averabedfeagproximately 24im, see
table 4.1. The maximum burr height is 44n and is used as a reference for allowable dross from laser
cut workpieces.

Hole no. MTE [um] | Drossjum]
1(left) 35 30
1(right) 31 10
2(left) 28 11
2(right) 33 44
Allowable MTE and dross <35 <44

Tabel 4.1: Measurements of qualityparameters for obtaining a refeeeof high quality laser cut holes in alumi-
nium.

HAZ

HAZ is for the workpiece defined as change in color/nuance of thecsfand not metallurgical chan-

ges. The reason for this is that the mechanical properties in the materialfisiierest as the workpieces

aren’t influenced by large external forces. This entails that mecHapricperties, such as hardness or
Young’s module is not dealt with during this thesis. As there isn’'t a colongban the surfaces of the

reference workpiece, see figure 4.6, there may not be a color chisigle to the eye on the laser cut

workpieces due to heating of the workpiece material.

Figure 4.6: Top surface of the speaker grill with zoom 10, taken with tlild W8 Heerbrugg stereomicroscope.
No color change is visible.

KW

The quality parameter kerf width cannot be identified for the referenckpigce since it doesn’t directly
relate to anything in the process of drilling holes. The kerf width will insteadimttresis relate to the
diameter and roundness of the holes, see figure 4.7. Where the resnsldefined as in (Nielsen, 2010).
If the kerf width has a large variation, either due to thermal effects or uracy of the XY-table, the
roundness of a hole will vary, which is undesirable in a high quality lasehale. In order to set up
a requirement of how much the diameter and the roundness of a hole is allowad/, the diameter
and the roundness of the drilled holes are measured and calculatectikedpdn order to calculate the
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roundness of the holes minimum and maximum diameters fitted to the top and bottoenhafiels are
measured. In figure 4.7 it can be seen how the minimum and maximum diametendsdouwa drilled
hole. The roundness is found using equation 4.1. The results of measaiimum and maximum
diameters and calculating the roudness are seen in table 4.2.

dMax— dMin
— 5 (4.2)

Roundness-

Roundness

y
T

Figure4.7: Graphical illustration of how the three different diametemd roundness of a hole is defined. The two
diameters ghin and duax are used for calculating the roundness. The diamegggdi is the best fit diameter used
in calculating the kerf taper angle.

KT

Because the drill used to process the holes has the same diameter alonglitskerigapering should
theoretically not exist for the holes. The KT angle is calculated using trigetd. A best fit diameter of
the top and bottom of a hole is measured for this purpose, because the minndumagimum radius is
not representative for calculating the KT. In figure 4.7 it can be seenthe best fit diameter is found
on a drilled hole. The angle is found using equation 4.2.

(4.2)

|dBestFitTordBestFitBottoni!
sheet thickness

KT =tan ! ( 2

Where @estrittopand GestritottomiS the best fit of the top and bottom diameter of the hole respectively.
This equation assumes that the KT angle in the drilled hole is symmetric. Figureht®a a best fit for

a hole, figure 4.8b shows maximum and minimum fittet diameters of an other hole.

From measuring the best fit diameter of 10 holes in the top and bottom the me&ngamgle is found
along with a standard deviation, see table 4.2.
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’ .‘-7_, .. ‘. '._ = . ‘J ! ;r.
(b) Maximum and minimum fit for hole 1

Figure 4.8: The white circle is the fitted diameters for a hole from theagpe grill.

Hole no.| HAZ Top diameter fim] Bottom diameterfim] | Roundnessiim] | KT [°]
Min. | Max. | Bestfit| Min. | Max. | Bestfit| Top | Bottom

1 no | 1783| 1899 | 1783 | 1779| 1981 | 1831 | 58 101 -0.7

2 no | 1813| 1834 | 1817 | 1771|1817 | 1797 | 11 23 0.3

3 no | 1806| 1830 | 1811 | 1782| 1796 | 1791 | 12 7 0.3

4 no | 1810 1825| 1813 | 1759| 1792 | 1778 | 8 17 0.5

5 no | 1805| 1830 | 1811 | 1777| 1805| 1779 | 13 14 0.5

6 no | 1798 | 1835| 1808 | 1778| 1792 | 1779 | 19 7 0.4

7 no | 1805| 1820 | 1820 | 1770| 1799 | 1785 | 8 15 0.5

8 no | 1795| 1847 | 1804 | 1777 | 1797 | 1780 | 26 10 0.3

9 no | 1801 | 1821 | 1800 | 1770| 1791 | 1781 | 10 11 0.3

10 no | 1801 | 1824 | 1811 | 1775| 1791 | 1782 | 12 8 0.4
Mean - 1804 | 1830 | 1808 | 1773 | 1798 | 1788 | 18 21 0.3
Std. dev.| - - - - - - - - - 0.4

Tabel 4.2: Measurements of the diameters, roundness and KT of theihdlestop and bottom surface along with
a visual assessment of wether there is a color change (HAX)nak the holes. Pictures of the holes used to create
this table can be seen on the appendix-DVD under the foldeaper 4/Case Holes".

4.2 Requirement specification

From evaluating all the quality parameters a requirement specification ftwothe in the speaker grill
is set up, see table 4.3. This requirement specification will henceforthisithisis, serve as reference
of high quality laser cut holes.

Reference

Maximum MTE, [pum| 30
Maximum Dross]um| 44
Diametefop, [um] 1808
Diametegottom [UM) 1788
Roundnessp, [1m] 18
Roundnessoitom [UM] 21

KT, [] 0.2£0.4

Tabel 4.3: Requirement specification for the holes in the B & O speakidir gr
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Problem formulation

Based on the previous chapters the problem formulation is presented.

Since B&O have never used laser cutting before the general objectithésothesis is to gather the
necessary knowledge that can answer the general objective of this, tivhich is:To which extent can
laser cutting be used for hole processing of high quality workpieces in alumiat B&O?

Together with the general objective, the description of the manufacturaoggses used at B&O (descri-
bed in chapter 2) and the speaker grill case (described in chaptegpphlam in relation to high quality
laser cutting at B&O can be defined:

» Cutting quality: Can the desired cutting quality, of the holes in the speaker lggilhbtained
through laser cutting?
5.1 Cutting quality

The definition of high quality aluminium workpieces have been defined intehdpbased on a spea-
ker grill currently produced at B&O. This will be the reference for higlality aluminium workpieces
during this thesis.

To investigate if it is possible to obtain the specified quality, laser cutting of btrdifges is perfor-
med. This is done with the assumption that results from stright cutting is contpavéb laser cutting
of holes. This entail the following problem:

» Which settings of the equipment parameters and control variables regquhlility parameters that
satisfies the requirements for the quality parameters for the B&O case woeRpie
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Approach to solution

In this chapter two different approaches for solving the problem formulatidghis thesis is presented.
From a description of the two approaches in relation to laser cutting an eitgleapproach is chosen.

There are two approaches of solving an engineering problem. Eithee lmgéhof analytical or empirical
approach. These are in the following two section described.

6.1 Analytical approach

There are generally two types of analytical approaches in science,ahes

» Analytical knowledge

This type of analytical approach uses very well defined and appmeyedations and rules etc.
found in litterature (Kristiansen, 2007).

* Numerical simulations.

This type of analytical approach uses computer software to simulate rddlpvoblems and
is based on analytical knowledge.

Numerical simulations makes is possible to use modern computers and penfgensdale simulations
e.g. the Finite Element Method (FEM). By the use of this approach, problaseiton approved analy-
tical knowledge can be solved with a high credibility and accuracy. Thisdesliooth simple and very
complex problems in both static and dynamic problems. Numerical simulations\aezfpbwhen dea-
ling with a situation where it is difficult to observe the process and/or obtaisunements. This applies
in situations where the execution time is very short e.g. metal stamping, créshetgdosions etc. Si-
mulations can also be nescessary because certain physical effagte gcat very high temperatures, at
microscopic process level, at high speeds, fatigue, etc.

Analytical knowledge in laser cutting

Several papers demonstrates good results by the use and constréieti@hytical models for the laser
cutting process. Stand alone simulations of the thermo mechanical procesesricuiting are already
state of the art (Andreas Ottoa, 2010).

Noticeable papers that deals with analytical optimization of quality parameterisgothers: (Yilbas,
2004), (R. Aloke, 1996), (B.S. Yilbas, 2011) and (Jun Hu, 201@n&3ally these papers deal with one
quality parameter at a time and not how the laser cutting process affects@liclity parameters defined
in chapter 4 and thereby not the overall appearance of the workpiece.
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6. APPROACH TO SOLUTION

The complexity of the laser cutting process entails that it is very difficult terdes the whole pro-
cess with analytical knowledge and with a sufficient accuracy for piedE etc. (Andreas Ottoa, 2010)
have developed a "Universal Numerical Simulation Model for Laser MatBrocessing” and conclu-
ded, that there is a lot of work ahead before such a model is practicallicaiple.

Interdisciplinary knowledge of several branches of physics, tleatanpled with each other, are a part
of laser cutting, some of these are given below: (Narendra B. Dal2fo8):

» Thermo-physical effects: Heating, melting, vaporization and plasma f@ma
» Material properties: Absorptivity, thermal conductivity, specific hdatsity and latent heats

» Electromagnetic radiation effects: Intensity, wavelength, spatial and teitgmirerence, angle of
incidence, polarization, illumination time, refraction and reflection

From the requirement specification in chapter 4 it is found, that the the mesfasunigh quality is in the
range of+ few um. Even if a good laser cutting simulation can be obtained, it will be very difftoult
predict quality parameters, with a precision on a fefm.

6.2 Empirical knowledge

Empirical knowledge in science is generally used for two scenarios:

* Verification of analytical models/results.

This can be used as a part of statistical hypothesis testing in e.g. the medigcsthyror to fit
a computer simulation to results obtained through experiments.

» Obtain new knowledge through experiments.

It can be necessary to gather empirical knowledge through experiméets tive analytical
knowledge is insufficient or doesn’t exist.

Based only on empirical knowledge from experiments, it is possible to emmstiprocess model. This is
often desired since such a model may be able to predict the output of a sdticighaven’t been tested
through experiments.

Empirical knowledge in laser cutting

Empirical knowledge from experiments are used to a high degree anovapidior laser cutting. Papers
that deals with the optimization of quality parameters from laser cutting havensgowd results for
many different system setups (different lasers and materials) and winedif optimization methods
e.g. ANOVA, fuzzy-expert-system, artificial neural network, tagunkthod, design of experiments, etc.
These papers are e.g. (Amit Sharma, 2011), (Avanish Kumar Dub8ya20(Chong Zhian Syn, 2010)
(Avanish Kumar Dubey, 2007c) and (B. Adelmann, 2011).

The papers demonstrate that both single and multi objective optimization flitlyquaxrameters in laser
cutting can be obtained through experiments.
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6.3. Solution method in this thesis

Advantages/disadvantages of the analytical/empirical approaches

An overview of the advantages and disadvantages of the analyticahgpidaal approaches is seen in
table 6.1 and 6.2. In relation to laser cutting the advantages/disadvantagesyapresented in relation
to numerical simulations and physical experiments.

Numerical simulations

Main advantages Main disadvantages
Cost savings (time and money) Interpretation of results can be very difficult
Easy to perform "what-if" analysis Expensive software/hardware

Study system without building it| High process understanding and information necessgary
Implementation of results is not straight forward
Calculation errors due to simplification of the real world

Tabel 6.1: Main advantages and disadvantages of numerical simulation

Physical experiments
Main advantages Main disadvantages
Gather process insight for unknown systems Noise can disturb results
Cause-effects can be observed Valid results demands high repeatabil
Better practical understanding Results can be interpreted differently
High cost (time and money)

—

y

Tabel 6.2: Main advantages and disadvantages of physical experiments

6.3 Solution method in this thesis

Because of the insufficiency in precision, and incompleteness of anélytickels, an empirical appro-
ach in the form of experiments will be the source of knowledge in this thesithis$ thesis empirical
knowledge is defined as measurements from laser cutting experiments.clutsey experiments with
different settings of control variables and workpiece parametersoam@ucted and the quality parame-
ters, from the case study (chapter 4), are evaluated through the me&siis. The measured workpieces
are further on analyzed and an analysis/conclusion of the results s give
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Laser setup

In this chapter the setups, used in all of the experiments that are conljicf@esented. First the system
setup, along with specifications of it is presented. Calculations of lasen lgeelity values are calcula-
ted and evaluated through experiments. A summary compares the tywe.setu

In this chapter two system setups are presented. Two setups aretpdelsenause experiments with
both are conducted, with significantly different results. During experisesth the AAU setup, it is
concluded, that it is not possible to cut 1mm aluminium sheets with it. An analfydiege experiences
are presented in chapter chapter 8.

During this chapter the two setups are compared and analyzed in ordetdrstand the differences of
the used systems. The two system setups are:

» AAU laser system setup

* IPU laser system setup
Common for both setups is that they consist of the following equipment:

1. Laser machine

2. Cutting head

3. Laser transmission (from laser machine to cutting head)
4. PC control

5. Laser beam monitoring

6. XY-table

7. Assist gas (Nitrogen)

In this chapter focus is on the laser machine, laser transmission, and cwgtidgBecause of this the
other pieces of equipment will not be futher described. The setup aidf¥perimental, and do not
include surveillance and high level security as the AAU setup does.

7.1 Laser machine

In this secion the laser machines for the system setup at AAU and IPU willdsepted. Specifications
of the lasers, given by the manufacturer is presented, and verifiaagthexperiments in section 7.4, to
validate the values. The specifications described in this section, is explaisection 7.3.
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7. LASER SETUP

7.1.1 AAU setup

In the system setup at the Department of Mechanical and Manufactunigigéering at AAU the laser
machine is a Trumpf HL 383 D. It is a continuous wave lamp pumped Nd:YAG.|d$er smallest
core diameter of the fiber that can be mounted to the laser machine igrB0Gigure 7.1 shows an
illustration of the setup, where itis seen, that the laser cutting processdaated in a laser cell and the
XY-table and laser machine have individual PC controls. The laser celitnintegrated security system
with surveillance. From the laser machine’s manual the following specificaimnfound (laser GMBH,

2006):

» Operating power output: up to 380W

» Beam parameter product (BPP): 12rmmad

» Wavelength 4): 1064nm

<— Lasercell

/ Manual control
=

Assist Gas supply

7 Cutting head Surveillance
— /secutiy

(Nl

Trumpf HL Cooling system

) PC control:
: ) 383D
- Laser L .
;30 XY-table = laser machine
z
PC control:

XY-table

Figure 7.1: The AAU setup. The laser machine is placed outside the ladler c

7.1.2 IPU setup

In the system setup at IPU the laser machine is an IPG YLR-400-SM-WlaBRr is of the type; single
mode fiber laser which operates in continuous wave mode. An illustration déPtheetup is shown in
figure 7.3. From the laser machine’s manual the following specificationf®anel (Hansen, 2012):

» Power output: up to 400W
« M21.05-1.1
» Wavelength 4): 1065-1075nm
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7.2. Cutting head

7.2 Cutting head

7.2.1 AAU setup

The cutting head in the AAU system setup consist of a Trumpf D70 laser optioted with a cutting
head, see figure 7.2.

R <—— Optical fiber

<<— C(Connector

_<|<7 Camera

Collimation

Collimation lens

Focus lens
Cutting optics

Assist gas supply

(a) Picture of Trumpf D70 laser cutting head above the X{0) lllustration of Trumpf D70 laser cutting head. (GmbH,
table 2004)

Figure 7.2: Trumpf D70 cutting head

On the cutting head a videocamera (monitor) is mounted, figure 7.2. The faétibe videocamera is
to assist the adjustment of the laser beam in the XY-direction inside the cuttag Tiee images from
the videocamera are projected onto a monitor. This is done in order to adsairéhe laser beam is
placed in the center of the nozzle. This is done because it is important toeose where the laser
beam is placed on the workpice. If the laser beam is not in the center ob#tzdena systematic error
will occur when moving the XY-table, with the workpiece on it, relative to theteeaf the nozzle.

From the cutting heads operator’'s manual, (GmbH, 2004) the followingfgzions are found:
 Collimation length, § = 200mm
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7. LASER SETUP

» Focal length of lens, f = 150mm
» Nozzle design, Conical
* Nozzle diameter, 1.0 mm

7.2.2 IPU setup

The cutting head in the IPU setup is custom built and the setup of it can besdigure 7.3.

Mirrors —3m

Focus lens

Laser beam

D25 external
cutting optic
with collimation

S lens

Cutting head box ~ _ Optical fiber —3m—
(seen from the side!) ~
~

Beam splitter i

Camera —»

—— ~ o
XY-table i i DT
i ilg RN Fiber
........................ % ~ Pc control - =~ === ===~ |aser machine
Covering §
(open durring cutting) <

Figure 7.3: The cutting head sketched as it is setup at IPU. The setugisfsem the top except the cutting head
box which is seen from the side.

Asitis seenin figure 7.3 the setup at IPU consist of a fiber laser machireramptical fiber which leads
the laser source to a D25 optoskand external optic with collimation lens. Fem24 the collimated
laser beam is transmitted to several mirrors guiding the laser beam down tatting bead box over a
distance of approximately 4 m. In the cutting head box the collimated beam igfbiusugh a focusing
lens, see figure 7.3. The collimation lens, focal lens and the nozzle haslkheifig specifications
(Hansen, 2012):

Collimation length, § = 356mm

Focal length of lens, f = 100 mm

Nozzle design, Conical

* Nozzle diamter, 2.0 mm

7.3 Beam quality values

Based on the specifications it is possible to calculate laser beam valuesamdmfinterest in relation to
the beam quality. The main assumption for the following beam value calculatighstishe laser beam
has a gaussian intensity distubrution (William M. Steen, 2010). This assumgtealuated in section
7.5.
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7.3. Beam quality values

7.3.1 Smallest beam spot diameter,#

The spot diameter is important since a decrease in spot diameter will intiheasgerage power intensity
for constant operating power. A higher power intensity entails that it isiplesto cut in thicker materials
or faster in a material with a specific thickness. On figure 7.4 is it shown thendiameter of the laser
spot is defined, by 86% of the maximum intensity. The figure shows a Gaugsgéisity distubrution,
which is the ideal for a laser beam.

A Beam center

3
o
x

Intenesity

3_
[
3

0.135 Imax

N

[0}

Transverse
Beam diameter distance

< >

Figure 7.4: Gaussian laser beam with a circular cross section (symmieffpoint group, 2012), (Paschotta, 2012)

In relation to high quality laser cutting it is desirable to obtain a very small bearhdameter and
thereby a small KW. There is a limitation which is influenced by the cut kerf bangg enough to allow
the assist gas to acces the cut kerf and eject the molten material. This limit isavan Kout is function
of material, laser beam, assist gas, stand-off, etc.

7.3.2 Beam intensity

In equation 7.1 is is shown how the avarage beam intensity is calculatedudtiaaq7.2 the relationship
between the maximum and average intensity is shalyis the beam diameter at a given distance, z,
along the laser beam. (Paschotta, 2012)

Operating power

_ 7.1
avg (dZ/Z)ZTT ( )
Operating power

Imax= P ANI POWET__ 5 | g (7.2)

(dz/2)°m

2

7.3.3 Beam quality factor, M

The M? factor of the laser beam defines how far from an ideal gaussian baanséte figure 7.5. The
M2 factor is the ratio between the full beam divergence angle of a ideasigausser beanf and the
real laser bean®, equation 7.3.

2 _
M2 =5 (7.3)

The M? factor of a laser beam is commonly used as the measure for its quality. (Ras@012).
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7. LASER SETUP

1)

Focuslens

Ideal Gaussian laser beam (M 2=

Figure 7.5: M2 definition, equation 7.3. (Coherent, 2012).

To calculateM?, the beam spot diameter at different distanezgsn the laser beam must be known. The
M?2 value can then be found from equation 7.4 (William M. Steen, 2010) whesralespot diameters are
known, see section 7.4.

4M2) z 2
d,=dos |1+ () (7.4)

The theoreticaM? value can be calculated using equation 7.5 if the BPP is known. BPP is thegaeam
rameter product and is defined as the product of the minimum beam raditiseanalf beam divergence
angle. (Paschotta, 2012).

(7.5)

7.3.4 Depth of focus, DOF

DOF is the distance, z, where the focused laser beam has approximatsigirddntensity distubrution.
DOF is defined as z-distance where the beam spot diameter chai®gésTo obtain the optimum cutting
guality it is desired that the depth of focus equals the workpiece thickmésg@ater, in order to obtain
equal kerf width in top and bottom. From equation 7.6 the DOF can be calcitidihm M. Steen,
2010). On figure 7.6 the DOF is visualised on a laser beam in a workpiece.

2

dZ
DOF =+ 7.
o oosan)\ (7.6)

7.3.5 Rayleigh lengthzgr

The Rayleigh length is another measure of the depth of focus. The Raydigth is defined as the
distance, z, over which the beam spot diameter increaseg®ydys. The Rayleigh length can be found
using equation 7.7 and is seen on figure 7.6.

Based on the information on DOF and Rayleight lenght, the KW for a cut wbelaretically be equal in
top and bottom, when the focal point is place in the middle of a given sheefrdtmg(William M. Steen,
2010) unknown which value, is most relevant to use in connection with higlitg laser cutting. In the
summary, of the results of the experiments, these values are evaluatexh $6c7.

gy
~ aM2)

(7.7)
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7.4. Laser beam caustic

\ / Laser beam

Workpiece
Rayleigh
lenght, z5
Depth of
focus, DOF

Figure 7.6: Smallest beam spot diameteg;dof a laser beam, depth of focus and Rayleight lenght, of erlas
beam in relation to a workpiece.
7.4 Laser beam caustic

In this section the caustic of the laser beam from the AAU setup and IPU setaalysed through
experiments. The purpose of the experiments is to be able to describe thetehatics of the laser
beam in order to measure and calculate the actual beam values of therdietups. This is done in
order to understand the beam quality values’ influence on laser cuttingnivirailum.

7.4.1 AAU caustic

For the AAU experiment the following materials and equipment have been used

* A 1mm thick black anodized aluminium sheet 100x100mm

A 2mm thick piece of cardboard 80x200mm

Nd:YAG laser system setup (7.1.1).

Leitz Metallovert inverted metarllurgical microscope with zoom 100x

* Measuring tape

Spindle on which the cutting head is mounted. One full rotation of it will resuditimer lifting or
lowering the cutting head by 2mm.

On figure 7.1 a sketch of the system setup is seen. The black anodizediataraireet is fixated on the
XY-table below the cutting head. In the experiment, the cutting optics is remowvadén to be able to

move the cutting head down without conflicting with the XY-table, figure 7.7.

The spot diameter is defined as 86 % if the beam intensity, 7.3.1. To asurehehaeasured spot
diameter only is made from 86 % of the beam intensity, experiments with diffepgrating power,
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/ \ /
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Figure 7.7: Cutting head without nozzle and different spot diametesnimdized aluminium sheet, (GmbH, 2004).

laser on-time and materials are performed. If the laser transfers too mexdydPower-laser on time=
Joulg to the material, it is burned or melted and the spot represents more than th&®©8afigure 7.8
it is seen how the beam spot diameter is highly depending on the amountrgf drensfered to the

aluminium sheet or cardboard.

700
600 Sz
500 F‘\\\ / -

400 \\ /
£
=
T 300 -~ -

200

100

O T T T T
-2 -1,5 -1 -0,5 0 0,5 1 1,5 2 2,5
FP [mm]

=e—Alu 200W 30ms ==Alu 150W 30ms =#—=Alu 100W 30ms =< Cardboard 20W 20ms —#=Cardboard 20W 10ms --Cardboard 10W 20ms
Figure 7.8: Different beam spot diameters as a funtion of the FP for ardéres aluminium sheet and cardboard
with different energy levels. Caustics with slopes far ftbmaverage is the most incorrect, and will entail a high

error in M2 value.
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7.4. Laser beam caustic

The caustic from using 200W in 20ms on the aluminium sheet, is closest to theeads caustics and
has not been melted in its surface, which happens for 300W in 20ms, sexfiuThe experiment with
200 W in 20 ms is therefore used for the caustic. All the experiments areictattias follows:

The cutting head is adjusted, using a measuring tape, so that the length &doptkurface of the

aluminium sheet to the focal lens, z = 150mm, figure 7.7. 150mm is the len$léocgh, and should in

theory be where the smallest spot diameter is. 9 spots in intervals of 0.5mm deewleen the cutting

head is raised and lowered 2.0 mm. This is the same as moving the focaiq@oimm.

- 2 e 8 A | Spot made with 300 W
Spot made with 200 W N . n " - A e in20 ms
oy . -

in 20 ms

(a) Spot made with 200 W in 30ms. No melting of the spot(b) Spot made with 300 W in 30 ms. Melting of aluminium in
the middle of the spot occurs.

Figure 7.9: Different spot diameters made with the Nd:YAG laser in alblwdized aluminium sheet, z=150mm
(FP=0.0mm). The pictures are taken using a Leitz Metallbireferted metallurgical microscope with 100x zoom.

From the experiment the following spot diameters are found, see table heltable suggest that the
smallest spot diameter is located in +0.5 mm.

FP [mm] | Spot diameterim]
+2.0 459
+1.5 414
+1.0 363
+0.5 292
0.0 293
-0.5 356
-1.0 391
-1.5 424
-2.0 447

Tabel 7.1: Spot diameters created with different focal points in thedired aluminium. The spots are measured
using a Leitz Metallovert inverted metarllurgical micrage with zoom 100x, see appendix A

From the results of the experiments shown in table 7.1 it can be concludea snaallest beam spot
diameter can be found among the measuremetns. This is due to the fact thadttlmmeter increases
when the focal point is changed from +0.5mm. The smallest beam spot diam&&).5mm from the
focal lens to the workpiece which does not corresponds to theoryidithige to an measuring error, when
using the measuring tape. Furthermore it can be concluded that the smadiegiamneter is actually
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7. LASER SETUP

approximately 292um instead of 225um as it is found in table 7.4 through theoretical calculations.
From picture 7.9 it can be concluded that the Nd:YAG laser beam can bexapated as a gaussian
intensity distribution, because more of the aluminium surface is burned (mait¢ice middle of the
spots. In order to measure the correct intensity distribution beam anaiysg@ent must be used.

The main error for the measurements of the Nd:YAG beam spot diameter, thatiot be known if 86
% of the beam intensity is represented by the spots in the aluminium. The spajddrgier, indicates,
that more than 86% of the intensity have burned away the oxide layer in the aloamifihe amount of
energy necessary to burn away the oxide layer is not known.

7.4.2 |IPU caustic

For the IPU experiment the following materials and equipment have been used

IPG YLR-400-SM-WC 7.3.

» PC software, Spiricon

PC control system

» Laser beam monitoring camera

~<—— Cutting box

Collimated
laser beam > Laser beam
Focus lens — with reduced
power
Camera >

— Beam splitter

Nozzle — >

Figure 7.10: lllustration of the camera measureing the beam itensitg Béam splitter lets in a few percent of the
laser beam into the camaras chip.

The beam spot diameter is, in the IPU setup, defined as the diameter of thehsein 86% of the
power exists.

The spot diameter is measured at 48 lenghts, z, along the beam. This isydom¥ibg the focus lens
from, -5.50mm-6.25mm, in intervals of 0.25 mm. For each z value, the spot diametexasured by
a camera (monitor), that measures the beam intensity. PC software caltiéasgmt diameters based
on 86 % of the intensity, see figure 7.11. For each spot diameter an apaeéitees an area, which the
software calculations are based on, white circle on figure 7.11. The wbalme is executed through
the PC control seen on figure 7.3, which controls the equipment. The 4&reg@nts of the beam spot
diameters are listed in table 7.2.

An error for the experiments is present, by the influence from the opedafming the area wherein
the software is capturing the intensity. This entails noise in the picture. Theitmdgrof this error is
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7.4. Laser beam caustic

FP[mm] | 6.25] 6.00 | 5.75 ] 5.50 | 5.25 ] 5.00 | 4.75 | 4.50 | 4.25 | 4.00
Spot,d, [um] | 228 | 222 | 217 | 205 | 196 | 176 | 170 | 164 | 156 | 150

FP[mm] | 3.75] 350 | 3.25] 3.00 | 2.75 | 2.50 | 2.25] 2.00 | 1..75 | 1.50
Spot,d, [um] | 140 | 134 | 128 | 116 | 110 | 100 | 92 | 85 | 79 | 73

FP[mm] | 1.25] 1.00 | 0.75] 0.50 | 0.25 | 0.00 | -0.25] -0.50] -0.75 | -1.00
Spot,d[um] | 66 | 59 | 54 | 50 | 46 | 45 | 45 | 47 | 50 | 55

FP[mm] | -1.25]-1.50] -1.75] -2.00| -2.25| -2.50| -2.75| -3.00] -3.25 | -3.50
Spot,d, [um] | 62 | 68 | 75 | 82 | 90 | 98 | 107 | 116 | 123 | 130

FP[mm] | -3.75] -4.00| -4.25] -4.50] -4.75| -5.00 | -5.25 | -5.50
Spot,d, [um] | 142 | 151 | 160 | 168 | 177 | 188 | 200 | 212

Tabel 7.2: Beam spot diameter for FP = -5.5 - 6.25 mm for the single mode fdser at IPU.

Figure 7.11: The figure shows how the camera captures the beam itensitg. i8&alculated from the bit values
seen on the scale, and the beam spot is identified (blaclekifthe intensity distribution on the figure is gaussian.

not known, but is considered relatively small because the values fauadtle 7.4 are very close to the
specifications from IPG.

7.4.3 Comparison of laser caustics

In figure 7.12 the caustic of both the Nd:YAG (AAU setup) and the fiber (§@tlip) laser is shown.
The influence from using two different measuring methods is very differhe fit for the fiber laser
beam if with very small errors, since alle the measudgdjes on the fitted line. The fit for the Nd:YAG
beam is influenced by noise, because the amount of energy necesbarg the aluminium surface can
vary due to impurity and measuring errors, see A.

Because the fiber laser has a much smaller beam spot diameter than the NaséAG is able to reach
a much higher average and maximum beam spot intensity, see table 7.4 ahy theable to cut faster
or through thicker materials. From figure 7.12 it can be seen, that the fibar leam has a smaller
divergence angle, which entail a smaller (bette?)\Wlue.
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7. LASER SETUP
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Figure 7.12: The graph shows the measured and fitted caustic of the Nd:¥AQ éetup) and fiber (IPU setup)
laser.

7.5 Summary

In this chapter the system setup along with the material used for experiments thekis have been
described. In table 7.3 and 7.4 the setup along with specifications on it@x sh

Specification Symbol Value Unit
Power output 5-380 w
Nd:YAG laser machine | Beam parameter product BPP 12 mm-mrad
Beam quality factor M? 35
Wavelength A 1064 nm
Power output ?-400 w
Fiber laser machine | Beam parameter product BPP 0.36-0.38 | mm-mrad
Beam quality factor M?2 1.05-1.1
Wavelength A 1065-1075| nm
_ . Focal length of collimation unit  f; 200 mm
Nd:YAG laser cutting head Focal length of lens ¢ 150 mm
. . Focal length of collimation unit fc 100 mm
Fiber laser cutting head Focal length of lens f 356 mm
Material Thickness 1 mm

Tabel 7.3: Summation of specification values found in the laser mashin@nuals for the Nd:YAG laser (AAU
setup) and the fiber laser (IPU setup).

As it is seen from table 7.3 especially the beam quality factdr, iMvery different for the setups. An
ideal laser beam has an®Walue of 1. The fiber laser therefore has a near perfect beam quigy.
power for the Nd:YAG laser is from table 8.1. The smallest beam spot diasnéterDOF and Rayleigh
length is ifluenced by the laser machine and the collimation and focus optics.

From table 7.4 it is seen that the theoretical value of the Nd:YAG’s smallest Bpat diameter is ap-
proximately 1.3 times smaller than the measured value. This means that the gv@rageéntensity of

2
the Nd:YAG laser becomes approximately 1.8 times lower because the spdeareases witlﬁd%f) .
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7.5. Summary

Specification Symbol | Nd:YAG laser| Fiber laser| Unit
Smallest beam spot diameter dp¢ 225 - um
Average power intensity lavg 9500 - %
Beam values Maximum power intensity I max 19000 e
Beam quality factor M?2 35 1.05-1.1
(Theoretical)| Depth of focus DOF +0.34 - mm
Rayleigh length R 1.1 - mm
Specification Symbol | Nd:YAG laser| Fiber laser| Unit
Smallest beam spot diameter dps 292 (317) 45 um
Average power intensity lavg 5150(4400) | 276300 %
Beam values| Maximum power intensity I max 10300(8800) | 552000 | -~
Beam quality factor M? 40 1.17
(Actual) Depth of focus DOF +0.59 +0.41 | mm
Rayleigh length R 1.9 1.2 mm

Tabel 7.4: Theoretical and actual beam values for both the Nd:YAG (Aélup laser and the fiber laser (IPU
setup). The smallest beam spot diameter is given as the meeaand the fitted diameter is given in brackets. The
average beam intensity is in the same way given as the ctéclfeom the measured and the calculated from the
fitted inside brackets. The fitted beam spot diameter for & AG laser is used to calculate the beam quality
values.

The actual M value of the Nd:YAG laser is higher than the anticipated. This along with thelasteimge
power intensity means that the Nd:YAG lasers cutting potential weakensuSzeatual smallest beam
spot diameter is larger than the theoretical, the beam obtains higher valhes®F, Rayleigh length.
That entails that the average power intensity of the beam decreasesless thieory when moving the
focal point. The deviation in the beam values of the Nd:YAG laser is influltbganeasuring errors of
the beam spot diameters.

Compairing the beam values of the single mode fiber laser and the Nd:YAGnedas it clear that
the fiber laser has a much bigger potential of creating very small cut &edist much faster due to its
small beam spot diameter and its high power intensity.

Itis noticeable that the values of the fibers DOF and Rayleigth length are tbarethe Nd:YAG laser’s.
This means that the Nd:YAG laser, if it had enough power, has the potentiat thicker sheets with
less kerf tapering than the fiber laser. It is therefore important to také takkdeam values into account
in relation to the relevant cutting task.
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Experiments with AAU setup

In this chapter a presentation of experiments as well as results/expesevith the Nd:YAG laser pre-
viously described (chapter 7) is presented. It is concluded, that ittipossible to cut through an alu-
minium sheet with a thickness of 1mm with the present setup. The mainseaasing this is analysed
in this chapter.

With the Nd:YAG laser the following experiments are conducted:

* Locate the smallest beam spot diameter using an anodized aluminium dregee(cr).

» Measure laser output power after the optics.

The

» Test cutting in Imm aluminium sheet.

8.1 Operating power at workpiece

The purpose of this experiment is to investigate if the laser machine deliveexpiected operating po-
wer at the workpiece (after the cutting head) and not just at the laseiimeach

In the experiment the following equipment is used:

Nd:YAG laser system setup (chapter 7) without assist gas

Ophir Vega power meter

Ophir 5000W-LP power sensor

PC control of Nd:YAG laser

A sketch of the setup used in the experiment is seen in figure 8.1.

In the following the procedure used in the experiment is described.

The power sensor is placed underneath the cutting head. The Power gnonneted to water hoses
so that it is cooled during measurement of the laser power. The power isietainected to the power
sensor so that it is possible to manually log the power output shown on ther pogter. The cutting
head is moved upwards so that the distance between the focal lens to teegamgor is 190mm. By
doing this the laser beam is defocused, making a spot with a diameter okapately 8mm, so that it
will not destroy the power sensor. The Nd:Yag laser is turned on at&€iff power levels, see table 8.1,
which are adjusted on the pc control, controlling the laser. The power oistlmgged manually at the 9
different power levels.
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8. EXPERIMENTS WITHAAU SETUP
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Figure 8.1: Experiment setup for measuring power output of laser.

From the experiment the following results are found, see table 8.1

Laser output [W] 5 | 50| 100 | 150 | 200 | 250 | 300 | 350 | 380
Measured output [W] 2 | 40| 82 | 132 | 177 | 225| 269 | 319 | 345
Deviation [%] 60/ 20| 18 | 12 | 12 | 10 | 10 | 9 9

Tabel 8.1: Power output measurements, measured using an Ophir 500®¥blver sensor and an Ophir Vega
power meter. The deviation of the measured output compartitbtiaser output is furtherly shown.

The sources of error in this experiment are:
* Inaccuracy in the power sensor and power meter

From table 8.1 it is seen that the operating power after the optics is approlirh@geercent lower than

it should be if only the higher power levels (from 150-380W) are taken agtmount. From looking at

the deviation percentages in table 8.1 it is also seen that the lower the op@@itiagis the more the
measured output deviates from the laser output.

The deviation in measured output compared to laser output may be explgitieel fact that the power
sensor has an inaccuracy ©#6% (Photonics, 2012b). That taken into account the laser power at the
workpiece is up to 362W (345W+*1.05). Furthermore the deviation in lasgrubat the workpiece from

the laser output at the machine shall be approximately 5% according to@&#8H, 2006). The poten-
tially 362W measured output will then become 380W (362W*1.05) at the lasehima The measured
outputs may therefore not be incorrect.

8.2 Cutting in aluminium sheets

The purpose of this experiment is to investigate if the laser in the AAU setupeigabut through 1mm
thick aluminium sheets.

In the experiment the following materials and equipment is used:

56



8.2. Cutting in aluminium sheets

1mm thick EN-AW 1050A aluminium sheets (chapter 7)

Nd:YAG laser system setup (chapter 7).
» Nitrogen assist gas

» Measuring tape

On figure 7.1 a sketch of the system setup is seen. The 1mm thick aluminiuis ahedéixated on the
XY-table. Three attempts of cutting through the 1mm aluminium sheet are madackhattempt ni-
trogen assist gas is used at 8bar pressure and with the focal point toptiserface of the sheet. The
focal point is adjusted using a measuring tape. In the first atttempt the lasenésl on for 1 second at
maximum operating laser power (345W). An observation is made that thedasgmnot cut through the
aluminium sheet. In the two last attempts the laser is turned on for 5 and 2Qsaespectively both at
maximum operating laser power and from these attempts the same resultsaaiereoqul.

In this experiment the source of error may be that the focal point usedeimxtperiment (found in
section 7.4.1) is not the smallest spot diameter which can be obtained. Tdrisamroccur since 0.5mm
intervals have been used in order to find the minimium spot diameter and the miniptrdiameter

may actually lie in between one of the 0.5mm intervals.

The conclusion on the experiment is that it is not possible to cut through lmekaluminium she-
ets using the system setup at AAU. The reason for this is due to the folloe@sgpns:

* High reflectivity of aluminium compared to steel.
» High thermal conductivity of aluminium compared to steel

» Too low power intensity in the focal point, see table 7.4

Reflectivity

Because the reflectivity for aluminum is high, it entails that less energy tihentaser beam is absorbed
into the sheet and converted into heat.

The reflectivity of various metals is shown in figure 8.2. The figure shoasttie rate of absorption
is highly depending in the wavelength of the laser as well as the material. fibetikéty for alumini-
um with the used Nd:YAG laser is found in equation 8.1 which describes thigoredhip between the
absorption rate and the reflectivity. The rate of absorption for aluminium avitNd: YAG laser is 5%
(Joachim Berkmanns, 2003).

Reflectivity= 1 — absorptivity= Re flectivity= 1 — 0.05%= 95% (8.1)

Because of the reflectivity the operating power, that is converted intbitnéhe aluminium sheet, is
approximately 17 W (348 - 0.05) instead of 345 W.
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8. EXPERIMENTS WITHAAU SETUP
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Figure 8.2: The rate of absorption for various metals and two differeatv@lengths (Joachim Berkmanns, 2003).

Thermal conductivity

The problem with thermal conductivity is related to the mechanisms of transantriansfer. The same
moment energy from the laser beam is transfered onto a single point oluthimiam sheet, the gene-
rated heat is conducted away from the cutting kerf and into the whole semetigure 8.3. The higher
the thermal conductivity is, the faster the heat is conducted away fronuttiegckerf.

Cutting~direction

Heat source

Figure 8.3: The figure shows how thermal conduction distributes heaiggged from a moving laser beam, into
the aluminium sheet. The red arrows indicate heat distiiut

To emphasise how much influence thermal conductivity have when cuttingnmiraium compared to
e.g. stainless steel, Rosenthals equations for 2D heat conduction @ie asexample showing how fast

heat is conducted in Aluminium 1050A compared to Stainless steel 316. Inxénepée the following
assumptions are made, (K. Poorhaydari, 2005):

» Heat is conducted instantaniously through the thickness of the sheets
» A moving heat source is used
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8.3. Conclusion

» There are no cooling effects, such as assist gas cooling the material.
» Heat transfer from the surface of the workpiece is neglected

» Physical coeffecients are independent of temperature

Using Equation 8.2 the timég, at which the temperature reaches its maximum temperature rise in a given
distance from the heat source is calculated (Kristiansen, 2006).

[Py

2 . Atc
Wherec is the specific heat capacity of the materjalis the density of the material is the thermal
conductivity andy is the distance from the heat source.

(8.2)

Using the thermal properties and physical properties of aluminium 10504t@inless steel 316 from
table 8.2 the time at which the temperature has risen to its maximum in a given digtaedeund, see
table 8.3.

c[I/kg-K] [ A [W/m-K] | p [kg/n?]
Aluminium 1050A 900 227 2705
Stainless steel 316 500 16.2 8000

Tabel 8.2: Thermal and physical properties of aluminium 1050A andtsis steel 316 (MATWEB, 2012).

Distance from source(y) [mm[] Time till max. temp. [s]
Aluminium 1050A
0.1 54.107°
20 2.1
Stainless steel 316
0.1 1.210°3
20 49

Tabel 8.3;: Example of calculating the time at which the temperaturerfs® to its maximum value at the distance,
y, from the heat source using Rosenthals 2D heat condycéugitations.

As itis seen in table 8.3 heat is conducted much faster in aluminium comparethtesstateel, in this
case approximately 23 times faster. This example makes it clear that therndalctigity has a role in
why it isn’t possible to cut in 2mm aluminium sheets with the AAU system setup.

8.3 Conclusion

From the experiments with the Nd:YAG laser it can be concluded that one oé#sens that it is not
possible to cut in 1mm thick aluminium sheets is due to the thermal properties of alomifinother

reasons is that a higher power intensity is needed than can be obtainedend:¥AG laser with the
current system setup.
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Experiment description

In this chapter the purpose of the laser cutting experiments is be desciihecchapter is divided into
two sections. The first section presents the experiment used to anayeféetits of control variable and
workpiece parameters on the quality parameters. The second sectisernps assumptions that applies
for all the experiments . For all the executed experiments, the systemeateRIp is used, chapter 7.

9.1 Cutting quality experiments

Using the approach described in chapter 6, experiments will be conduacteder analyze the effects
from CV and WP on the quality parameters on aluminium sheets, from the lat$ieigcproces. From
these experiments it will be possible to investigate if it is possible to satisfy the@eewents from chapter
4,

9.1.1 Experiments theory

For identifying the process window two methods can be used (Kristian88id):2

» Stochastic search

The stochastic search method is a trial error based method. Experimertsdueted without
previously a decided plan and instead conducted iteratively in such aheayhe operator gains
knowledge from previous experiments.

» Systematic search

The systematic search method is carried out after a pattern which the omaaides. With
this method the operator has more control over the experiments than with thasttosearch
method.

For the quality experiment a systematic search method is used because ghittagé in having more
control over the experiments. The pattern used through systematic seatofained by using a two-
factor factorial design. The factorial design is used when the effédtgooor more factors are desired
to study. The methodology used in factorial designs (for two CV's) is to éeenbontrol variable A,
with a settings, with CV B withb settings. The total number of unique experiments becanbsThe
used factorial design is called a fixed effect model, because the setiingadh experiment are known
beforehand. (Montgomery, 2005a)

In figure 9.1a, a general systematic method for searching for the pragedow is shown. Figure 9.1b,
shows a systematic search by the use of a factorial design. Each sethyMAfand B are combined,
executed and evaluated in relation to the requirements for the process window
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(a) General systematic search for the process window of (b) Systematic search for the process window at the setup
an unknown system. at AAU. Factorial design.

Figure 9.1: Two systematic search methods for the process window.

9.1.2 Selection of control variable and workpiece paramete

From chapter 3 five control variables and two workpiece parametedeéired. If factorial experiments
with all combinations of the control variables and workpiece parametersarducted, the amount
of experiments becomes immense. Because of this two different contrables and one workpiece
parameter are singled out for conducting experiments:

1. Control variables

 Focal point

From (Caristan, 2004) it is known that the position of the FP is importantidbrduality
laser cutting. More specifically the FP shall be placed close to the bottom slfi¢es in order
to minimize dross. It is also known, that the focal point affects the cuttingdsp@pecific
knowledge on the effect from using a single mode fiber laser is not kramars therefore
desirable investigate.

* Cutting speed

During initial experiments, it is found that it is necessary to use maximum tipgra
power in order to cut through 1 mm aluminium sheets with the fiber laser. Becdtais
known that the quality of the cut is dependent on the energy input over tinagi{er 3), the
cutting speed is changed instead of operating power.

2. Workpiece parameter

» Sheet thickness

Because the laser machines, used for experiments in this thesis, argeifydenough
to cut through 2mm aluminium sheets as is the case for the speaker grillidcHapit is
chosen to use smaller thickenss’. By doing this, the effects of workpieckntss on the
quality parameters can be analysed.

Three control variable are not investigated during this thesis:
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9.1. Cutting quality experiments

» Operation laser power. This CV is deselected because initial experinmemis, ghat it is necessary
to use the maximum OLP on 420 W, to cut through 1mm aluminium with the desired cutting
speeds.

» Assist gas pressure is deselected in order to reduce the numbetrmi sanables and to simplify
the experiments.

» Stand-off distance. The stand-off distance is not investigated sirpm¥ierce indicates, that the
optimum stand-off distance is in the interval of 0.4-1.0mm. (Hansen, 2012).

One workpiece parameter is deselected:

» Specific material properties. This WP is deselected, since a material asadgmssible to the
alloy B&O uses, is more desirable to use. This way the results from expericemtso a higher
degree, be applied on B&O's case.

9.1.3 Experimental procedure

Two types of experiments are used for the two control variables and singlgiece parameter. This is
done to reduce the number of experiments and errors.

» Focal position vs cutting speed (FP vs CS). The sheet thickness imnbfw this experiment. ST
=0.7 mm

» Sheet thickness vs cutting speed (ST vs CS). The focal point is cwristdhis experiment. FP =
0.0 mm

On figure 9.2 an illustration is shown of the experimental setup from the sidégre 9.3 a picture of
parts of the setup is shown. The experiments are conducted by first agitthg CV and WP for each
experiment in the control software of the system setup or by changindhéetss Straight cut are used,
with the assumption in section 9.2.1.

Collimated

laser beam >

Focus lens —3»

Nozzle —— .‘ ; :
‘0

XY-table

A OTX ® $
| <~ Y —>

Fixture

Aluminium sheet

Figure 9.2: lllustration of the experiments conducted at IPU. The dbtiees illustrates a situation where the FP
is moved by moving the focus lens. The nozzle is stationary.
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9. EXPERIMENT DESCRIPTION

Figure 9.3: Picture of the IPU experiment setup, the viewing angle iatgtg in relation to figure 9.2.

Three cuts of 30 mm in length, seperated by 5 mm, are cut in an aluminium shésdtithg the PC

control move the XY-table in its X-direction, see figure 9.4. The assist gasried on before the first
cut is made, and turned off after the third. Three cuts are made with colYspasition. After three cuts
are made the Y-position is moved 15mm manually by approximately, before a rewitim three cuts

is executed from the PC control. All the cut lines begin in the same side of get. dbach cut in a line
is cut with different settings, that are held constant throughout a speaifi Each cut is initialized by
piercing a hole in the sheet. This is done by turning on the laser for 1 s¢42aW), to ensure that the
starting point for the line is cut through. A piercing time of 1 second is far tog,léor both sheets of
0.5, 0.7 and 1 mm in thickness, but is not optimized due to lack of time.

The amount of cuts made in each aluminium sheet along with the placement ot tregies due to the

CVs and STs. In Appendix B figures showing the placement of the cutacdnauminium sheet can be
seen.

139 mm

A 9 8 /
12 11 10

£
S Length of cut Distance between cuts
) 30 mm 5 mm
4 5  _6
1 2 _3

Y

Figure 9.4: Example of straight cuts distributed over an aluminium sh&ee numbers is the experiment ID
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9.1. Cutting quality experiments

Focal point vs cutting speed

In the FP vs CS experiment the position of the focal point and the cuttinglspebanged. Six settings
of the FP and four for the CS are executed through 24 experimentseftirgs used in the experiment
can be seen in table 9.1. FP is changed in intervals of 1.0 mm, because iettons .4 is concluded,

that the spot diameter changes little when the FP is changed. The inter@&8 fecchosen to be 10 mm/s,
to ensure that an effect can be observed and is inspired by (B. Adelr@@fal). STO for experiment
1-24 is set to 0.8mm.

CVIWP
Experiment ID CS[mm/s]| FP [mm] | ST [mm] | STO [mm] | OPL [W] | AGP [bar]
1 60 -2.0 0,7 0.8 420 20
2 70 -2.0 0,7 0.8 420 20
3 80 -2.0 0,7 0.8 420 20
4 90 -2.0 0,7 0.8 420 20
5 60 -1.0 0,7 0.8 420 20
6 70 -1.0 0,7 0.8 420 20
7 80 -1.0 0,7 0.8 420 20
8 90 -1.0 0,7 0.8 420 20
9 60 0.0 0,7 0.8 420 20
10 70 0.0 0,7 0.8 420 20
11 80 0.0 0,7 0.8 420 20
12 90 0.0 0,7 0.8 420 20
13 60 1.0 0,7 0.8 420 20
14 70 1.0 0,7 0.8 420 20
15 80 1.0 0,7 0.8 420 20
16 90 1.0 0,7 0.8 420 20
17 60 2.0 0,7 0.8 420 20
18 70 2.0 0,7 0.8 420 20
19 80 2.0 0,7 0.8 420 20
20 90 2.0 0,7 0.8 420 20
21 60 3.0 0,7 0.8 420 20
22 70 3.0 0,7 0.8 420 20
23 80 3.0 0,7 0.8 420 20
24 90 3.0 0,7 0.8 420 20

Tabel 9.1: FP vs CS experiment. Settings tested to find process winddiwear laser cutting with fiber laser. FP
and CS are control variables.

Sheet thickness vs cutting speed

Different ST's are used because it is observed that 1mm aluminium caiffloeilt to cut with the
Nd:YAG laser, chapter 8. The ST used are 0.5, 0.7, and 1.0mm becaysar¢havailable at AAU and
to make sure that that they are thin enough to be cut with the fiber laser aff itUmaximum CS is
found through an initial experiment, which indicates, that the maximum CS for Rluminium sheets
is 50mm/s. Intervals of 10mm/s are used for the same reasons for the FP xpétitnent, 9.1.3.

The settings used in the experiment can be seen in table 9.2. The STO fopiisreent is held constant
at 0.8mm for ST = 0.5mm and ST = 1.0mm and 0.4mm for ST = 0.7mm.
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9. EXPERIMENT DESCRIPTION

ExpermeniTD CVIWP s tmmis] | P [mm] | ST [mm] | STO [mm] | OLP [W] | AGP [bar]
25 20 0.0 05 0.4 420 20
%6 30 0.0 05 0.4 420 20
57 40 0.0 0.5 0.4 420 20
28 50 0.0 0.5 0.4 420 20
29 20 0.0 0.7 0.8 420 20
30 30 0.0 0.7 0.8 420 20
31 40 0.0 0,7 0.8 420 20
32 50 0.0 0,7 0.8 420 20
33 20 0.0 1.0 0.4 420 20
34 30 0.0 10 0.4 420 20
35 40 0.0 10 0.4 420 20
36 50 0.0 10 0.4 420 20

Tabel 9.2: Settings for ST and CS, executed with the fiber laser at IPU.

Data collection

All the results from the FP vs CS and ST vs CS experiments are evaluatdtefquality parameters
dross, MTE, HAZ, KW and KT, in chapter 10. The method used to measwrewaluate all the experi-
ments can be seen in appendix A.

The heat capacity of the limited area is decisive for how it is affected.

9.2 Assumptions

It is assumed that the control variables; STO, AGP and OLP are cormhkienyy each experiment. The
equipment parameters; assist gas type, nozzle diameter, nozzle desigptiaal system are also con-
stant, see section 7.1.2.

9.2.1 Approximation of straight cuts

It is chosen that instead of performing experiments of cutting holes, sti@gls are cut. This is due

to the fact that the XY-table in the IPU setup, section 7.1.2, is not calibratmisgrenough to create
perfect circular motions. This will affect the quality of the cuts to a high degwhich is not desirable.
Calculations of how well an approximation this is, is made by comparing straightta a holes with

a diameter of 1.8 mm,. The hole diamter of 1.8 mm is the reference from the spgdker chapter

4. Figure 9.5 illustrates this, where a comparison of, how far a section ofegsItircumsfere is from
beeing straight, in relation to the minimum spot diameter.

The greater the radius of a hole becomes, the smaller the distaimcequation 9.2, seen on figure 9.5
becomes. The anglg .t is found in eqution 9.1 and is depending on the hole radius and spot diameter.
If a hole’s radius is infinitely high, the distandg,becomes zero which is identical to cut a straight line.
With this method it can be seen that when the spot diameter increases theiagapian to a straight line
decreases becauléncreases, see figure 9.6.

It is found that the ratio foh between the Nd:YAG- and the fiber laser spot is 44. Which means that
the fiber laser approximates the straight cut better. Due to the small distafurethe fiber laser spot
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Straight line dOf

Nd:YAG beam spot diameter. dy; = 292 pm

A
Y

espot

Fiber beam spot diameter. dy; = 44 ym <

Hole circumference

Hole circumference.
Diameter = 1.8 mm

(a) The figure shows a section of the a circle and the Nd:YAG{b) The figure shows where the height, h, between the diameter
and fiber laser spot on it. It is clear, that a straight line is ap- of the laser spot (the straight line) and the section of a circle
proximated significantly better with the fiber laser spot than thecircumsfere is measured. The value of h #lggh: for each laser
Nd:YAG spot. The sizes shown on the figure shows the real rat&pot diameter, is shown in table 9.3.

between them.

Figure 9.5: Figure and graph used to illustrate how close to a straightlithe circular cut looks from the per-
spective of the spot diameter.

diameter, the assumption of cutting holes, when cutting straight is seen aablsapproximation.

r24r24+dg\ 1
Of) .180 9.1)

Ocpot = tan *
spot ( 2r-r T

h=r- (1—cos<632p°t>> (9.2)

dot [Hm] | h[pm] | Bspot[°]
Fiber laser 44 0.27 2.8
Nd:YAG laser 292 11.9 18.7

Tabel 9.3: Comparison on theh values aifighqt in relation to a hole circumference.
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Figure 9.6: The graph shows the distance, h (see figure 9.5b), as a functithe beam spot diameter, compared
to a circle with a diameter of 1.8 mm. The distance, h, for ti@mum fiber and Nd:YAG laser spot is seen.

9.2.2 Material

It has been chosen to cut in aluminium sheets of the aluminium alloy EN AWALG&D a thickness of
1 mm. The reason for choosing aluminium alloy 1050A, is that this alloy is the atestlavailible at
AAU and because the aluminium used at B&O is only availible in 2mm thick shee¢salldy elements
in the 1050A aluminium alloy is nearly of the same amount of alloy elements as in thegl&pwith
exception of the alloy element Mg. The contents of Mg and Al are also thiside@lements for the
mechanical properties of the respective aluminium alloys.

Alloy name Si Fe | Cu| Mn | Mg | Cr | Zn Ti | Others| Al
EN AW-1050A | 0.25| 0.4 | 0.05| 0.01 0.01| 0.07| 0.05| 0.03 | 995
B&O Alu alloy | 0.20 | 0.20| 0.10| 0.05| 0.8 | 0.02 | 0.05| 0.03

Tabel 9.4: Contents of aluminium alloys, given in percentages, usetthigithesis, the EN AW-1050A and the
aluminium alloy used at B&O.
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Cutting quality experiments -

Results

In this chapter the results from the cutting quality experiments are presertedeffects of different set-
tings of the control variables and workpiece parameter are analyzethfoguality parameters; dross,
melting of top edge, heat affected zone, kerf width and kerf taper.dyading the cutting quality on all
the experiments, the optimum settings, of the control variables and woekpaameter, for obtaining
high cut quality, is found.

This chapter is structured in the following way; five sections, one for eaellity parameter, are pre-
sented. Each section initially describes how the quality parameter belongireg tettion is measured.
Under each section the results of the two types of experiments, focal pogtiutting speed (FP vs CS)
and sheet thickness vs cutting speed (ST vs CS), are presented irefhaaiate subsections. Lastly in
each section a conclusion is made based on both types of experimentsel$ections are as follows:

e Dross

Melting of top edge

Heat affected zone

Kerf width

Kerf taper

In the two types of experiments, FP vs CS and ST vs CS, 24 and 12 exptrianemade. Each of those
experiments are made with unique settings of the control variables and iecekparameters and are
each given an experiment ID.

For each quality parameter a signal-to-noise ratio (SNR) is calculated ¢bresgeriment. An SNR

lower than one means that the experiment is influenced more by noise thah kigewise, if the mean

value of the SNR’s of each experiment is lower than one, it means that pleeient type, being FP vs
CS or ST vs CS, is influenced more by noise than signal. If this is the casedral@xperiment is not
further analysed. The SNR is calculated using equation 10.1 and the m#@ SINR’s are calculated
using equation 10.2 (Montgomery, 2005b).

SNR= (10.1)

H
S2
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10. QUTTING QUALITY EXPERIMENTS - RESULTS

Wherep is the mean of the measurements of the quality parameter in each expesghigtiie variance
of the measurements of the quality parameter in each experiment.

n
Mean SNR= ZSNR (10.2)
i=

Where SNRis the SNR of the i'th experiment.

Lastly in this chapter an overview of which settings of the control variabtesveorkpiece parame-
ter results in satisfying the requirements of the quality parameters is presented

NB: In every experiment two systemic errors have influenced the expetsiiehe first error is a change

in the STO due to warping of the sheets in which the experiments are maderrdheceur in relation

to heating of the material when the experiments are made. The second @mues o relation to how

the sheets are fixated in the XY-table, see 9.3. Because the sheetstaaifixanly one side the sheets
aren’t fixated perfectly horizontally. The change in the STO due to wgraid the way the sheets are
fixated is estimated to be 0.2mm. The influence of these erros on each quality parameter are evaluated
in the quality parameters respective sections.

Experiment 1,2,3,4,8,11 and 12 are not cut through the sheets and af@itherot be included in the
results.

10.1 Dross

To measure how much dross there is on each experiment the experimeais aué of the aluminium
sheet as seen in figure 10.1. The cut out experiments are then moldeddorjoaand after the epoxy has
hardened pictures of the cut kerf seen in profile, see figure 10.2lame véth a camera through a Leitz
Metallovert inverted metallurgic microscope. For each experiment drossaisurefive times using five
different pictures of the same experiment. This is done by sanding dovautfexe of the epoxy block
with a sandpaper, see figure 10.1 and then take a new picture of thénespelThe height between each
measurement is approximately 0.2mm.

Sheet with Cut out material
experiments molded into epoxy
Experiments Different heights at
which the pictures
% V \3011‘1111 are taken
<>
:--- — ———
<~ Cut out material AAngle at which the pictures are taken

Figure 10.1: To the left a sheet with experiments. The blue dotted lineates where the experiment is cut out of
the sheet. The cut out experiment is molded into epoxy (taghg so that it can be analyzed. When the epoxy is
sanded down, the cut profile can be evaluated in differetddces along the cut kerf.
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10.1. Dross

Figure 10.2: The figure shows where dross and MTE are measured on the pbfile laser cut kerfs.

10.1.1 FPvsCS

In table 10.1 the results from the measurements of dross on each expeasreean. It can be seen that
visible dross occur in experiment 6, 7 and 21. For experiment 6 and 7Ptlve-E.Omm, for experiment
21 the FP = 3.0mm. This indicates, that dross occur when the FP is either @bogmw the top and
bottom surface of the sheet respectively. For experiment 5 and 6 thefsthe dross has the largest
height where CS = 70mm/s and CS = 80mm/s respectively.

Control variables | Picture ndDross um]

Exp.ID | CS[® |[FP[mm]| 1 | 2 |3]| 4| 5 | SNR
5 60 -1.0 oO/0|0|]O0| O -

6 70 -1.0 0| 00| 78| 87| 0.02

7 80 -1.0 0| 0|0| O] 48/ 0.03
9 60 0.0 0O/0|0|]O0| O -
10 70 0.0 oOo/0|0|]O0| O -
13 60 1.0 0O/0|0|O0| O -
14 70 1.0 oOo/0|0|]O0| O -
15 80 1.0 oOo/0|0|]O0| O -
16 90 1.0 oOo|/0|0|]O0| O -
17 60 2.0 oO/0|0|O0| O -
18 70 2.0 oOo/0|0|]O0| O -
19 80 2.0 0o/0|0|0]| O -
20 90 2.0 o|0|0|0]| O -

21 60 3.0 21180 0| 0 | 0.08
22 70 3.0 oOo/0|0|]O0| O -
23 80 3.0 O/0|0|]O0| O -
24 90 3.0 oO/0|0|]O0| O -

Mean SNR 0.04

Tabel 10.1: Results of measuring dross on experiment 1-24. Experiméntith FP = -2.0mm are not cut through
the sheet and can therefore not be measured. Also experBné&fitand 12 are not cut trough the sheet making it
impossible to measure them.
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10.1.2 STvsCS

In table 10.2 the results from the dross measurements for the three shieet$isias seen. Dross occurs
in experiment 25, 27, 28, 31, 33 and 34. Among the five measurements sdrtescut, dross is mostly
seen on experiment 31 and 34.

Control variables Picture ndDross jum|
Exp.ID | CS[® | Thickness[mm] 1 | 2 | 3 | 4| 5 | SNR
25 20 0.5 0O/ 0|5|0| 0| 025
26 30 0.5 0/ 0|]0|0] O -
27 40 0.5 12/ 0| 0 |0| O | 010
28 50 0.5 0/ 8| 0|0| O |O0.16
29 20 0.7 0O/ 0|]0O0|0]O -
30 30 0.7 0O/ 0|]0O0|0]|O -
31 40 0.7 0| 0|16|0| 16 | 0.10
32 50 0.7 0| 0|]0|0]|O -
33 20 1.0 027 0|0| O | 0.05
34 30 1.0 17113 0 |0] O | 011
35 40 1.0 00| 0O0|0| O -
36 50 1.0 00| 0O0|0|O -
Mean SNR 0.13

Tabel 10.2: Results of measuring dross on experiment 25-36.

10.1.3 Sources of error

For measuring dross the following sources of error are present:

* Caliper tool: the magnitude is approximated todb2um.

» Sanding epoxy blocks: the magnitude is estimated to be negligible.

The sources of error are related to the use of the NI Vision Builder softeuad are further described in
appendix A

10.1.4 Conslusion/analysis

Due to the mean values of the SNR in each type of experiment the two expetypestaren’t analysed
further with statistical methods.

According to the results of the 36 experiments made the setting of the contiaibieaFP is the most
important comparing to the CS and the ST. This conclusion is based on thbdadtoss is seen on all
ST's but for FP = 1.0 - 2.0mm dross isn’t seen.

From section 3.4.4 it is known, that dross is affected by: CS, AGP, agsgiressure type and FP. This
corresponds to the results, but the magnitude of the effect of the ceatiables is not known. From
(Caristan, 2004) it is known, that dross can be reduced in aluminiuntsstehaving FP = 0.0mm. This
however do not correspond with the results in table 10.2.

For all the cuts assist gas pressure of 20 bar is used. This is a relafivetessure for laser cutting
(Caristan, 2004). This entails, that that the molten material is blown awayeb#feolidifies on the
bottom of the kerf and becomes dross, which may explain why dross &t more on the cut kerfs.
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10.2. Melting of top edge

The influence of the assist gas pressure will not be investigated in this.thes

Based on the results of the experiments it is concluded that the souraesradescribed above doesn't
have a significant influence on the experiments. Regarding the systemat® iarSTO it is unknown
how much influence the errors contribute to the height of dross.

When evaluated in relation to the requirement from the case, chapter 4xqdyiment 6 and 7 doesn't
satisfy the maximum dross height of 44n.

10.2 Melting of top edge

MTE is measured using the same pictures as the ones used for measussgadrdigure 10.2 it is seen
where MTE is evaluated on the cut kerf. Often the top edge on the pictureseWHTE is measured
is unclear making it difficult to define where the edge is, see figure 10.8.pidtures are therefore
manipulated by laying in helplines along the top surface and the cut edgexpeement 17 in figure
10.3. A reference circle, which has the same radius as the maximum allodied eccording to the
definition made in chapter 4, is fitted to the top edge using the helplines. Thewhrdk is fitted must
have both helplines as tangents to the circle. If the top edge is outside thenafecircle the edge is
defined as a sharp edge. Because of the difficulties in measuring aestggrpsharp edges will be given
the "value" S instead of a radius. If the top edge isn't outside the refem@rcle the top edge is measured
using NI Vision Builder, see appendix A.

The use of the "value" S for the sharp edges implicates that there cammeatidulated an SNR and a
mean SNR for each experiment and each experiment type respectively.

Referance radius

100 pm

Figure 10.3: On experiment 17 (left) the reference radius is compared¢otdp edge of the cut. The reference
circle is aligned with the vertical and horizontal helplindecause the top edge is not inside the circle, its radius
is smaller than the referance, and the edge is defined as Iskiag. On cut 20 (middle and right) it is seen, that
the top edge is unclear making it difficult to identify thereot radius of a sharp edge.

10.2.1 FPvsCS

In table 10.3 the measurement of MTE is seen. From the measurements itg@entibat molten edges
occur in experiment 5, 16, 23 and 24. For experiment 5 a molten edge isiradam three of the five

measurements of the cut, which is the highest number of molten edges in the@® esgperiments.

As observed for dross it can be seen, that molten edges occur wheR tisecither below the bottom
surface (-1.0mm) or above the top surface (3.0mm) of the workpiece, witipérn of experiment 16.

The largest radius of molten edges occur for FP = 3.0mm for CS = 80 anch@0
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Control variables | Picture ndMTE [ um]
Exp.ID | CS[™ | FP [mm]| 1 2| 3 |45
5 60 -1.0 55 | S| 14750 | S
6 70 -1.0 S|S| S |S|S
7 80 -1.0 S|S| S |S|S
9 60 0.0 S|S| S |S|S
10 70 0.0 S|S| S |S|S
13 60 1.0 S|S| S |S|S
14 70 1.0 S|S| S |S|S
15 80 1.0 S|S| S |S|S
16 90 1.0 S| S| S |47]S
17 60 2.0 S|S| S |S|S
18 70 2.0 S|S| S |S|S
19 80 2.0 S|S| S |S|S
20 90 2.0 S|S| S |S|S
21 60 3.0 S|S| S |S|S
22 70 3.0 S|S| S |S|S
23 80 3.0 S |36| S | S|S
24 90 3.0 114|180 S | S |S

Tabel 10.3: Results of measuring MTE on experiment 1-24.

10.2.2 STvsCS

For the ST vs CS experiments the results in table 10.4 shows molten edgegddnment 25, 27, 28 and
34. Molten edges occur on ST’s of 0.5mm and 1.0mm). The ST where moltes edgur most often is
0.5mm, seen in experiment 25, 27 and 28. The molten edges with the largastaealalso found for a

ST of 0.5mm (experiment 5).

Control variables Picture ndMTE [ um]
Exp.ID | CS [ | Thickness [mm]| 1 2 | 314|565
25 20 0.5 377|104 S| S | 43
26 30 0.5 S S|S|S|S
27 40 0.5 92 | 63 | 51| 46| 62
28 50 0.5 S S| S|60S
29 20 0.7 S S|S|S|S
30 30 0.7 S S|S|S|S
31 40 0.7 S S|S|S|S
32 50 0.7 S S|S|S|S
33 20 1.0 S S|S|S|S
34 30 1.0 56| S |S|S|S
35 40 1.0 S S|S|S|S
36 50 1.0 S S|S|S|S

Tabel 10.4: Results of measuring MTE in experiment 25-36.

10.2.3 Sources of error

For measuring MTE the following sources of error are present:
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10.3. Heat affected zone

» Sanding epoxy blocks: the magnitude is estimated to be negligible on the edperettit defined
as molten edges.

» Manual circle fitting: as it was described in the beginning of section 1&@es are manually
fitted on the pictures taken. Based on the picture resolution and zoom Ievagbpaoximation is
made that the error i&5um.

The sources of error are related to the use of the NI Vision Builder sodtewad are further described in
appendix A

10.2.4 Conslusion/analysis

For all experiments with FP = 2.0mm and 0.0mm, no molten edges are obsertkd F? vs CS expe-
riment. Two molten edges are observed for FP = -1.0mm and 1.0mm. Basedserotiservations it is
difficult to conclude what the influences are of the FP and CS.

For the ST vs CS experiment one measurement for ST = 1.0mm has a moltenvedgeiine measu-
rements for ST = 0.5 mm has molten edges and no edges are molten when ST = Thisimdicates
that for thin sheets (ST < 0.7mm) molten edges occur more easily. A possibleatprieis that the heat
generated in the cut kerf has less thickness to disperse in. This will tmmidie further analysed in this
thesis.

The largest source of error lies in the selection of the edge that defiaéigt¢lal circle and thus also the
radius measured. A better sanding process will make the surface oftbeyexlocks more smooth. This
will entail that better pictures can be taken. Better pictures entail a bettiiljtppdo define the sharp
edges. By being able to define the sharp edges these can be measicrethashgive more information
on what influences the MTE.

Experiment 5, 16, 23, 24, 25, 27, 28 and 34 does not satisfy the eeqgnts from chapter 4.

10.3 Heat affected zone

For this section FP vs CS and ST vs CS are evaluated in the same section.dbimie &@nce none of the
36 experiments shows any HAZ, in this thesis HAZ = color change, alongdtis, lsee figure 10.4 for
an example.

Figure 10.4: Example of an experiment showing that no HAZ occurs but thettar (the brownish color) occurs
around the piercing point.

When creating the experiments the laser starts by piercing the sheet. Wrangpibe sheet a brownish
curvature around the piercing hole occurs, see figure 10.4 and Tisishot HAZ, but an effect of bur-
ned spatter which occurs before the laser beam has pierced througjtetite This phenomenom occurs
because the aluminium at first cannot be ejected downwards becauasdghkaven’t gone through the
workpiece. Not before a hole, through the sheet is made, can the molteriaiiagesjected through the
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bottom of the cut kerf. As a result of this the aluminium spatter will burn itselb ahe surface of the

workpiece as a brownish layer of soot.
Assist gas

Spatter—

Soot —
—

Aluminium sheet

Figure 10.5: Before the workpiece is fully pierced aluminium spatterussagesulting in a brownish layer of soot
on the workpiece.

10.3.1 Conslusion/analysis

Based on the experiments made in this thesis it is concluded that HAZ doescootim aluminium.

10.4 Kerfwidth

The kerf width is measured by analysing pictures, of the top and bottorcsuof the experiments. The
pictures represent a section of the experiments as seen in figure 16.pictilres are analyzed using
NI Vision Builder. The kerf width is measured at 10 different positions glthre picture of the kerf, see
figure 10.6. For more information on the method used for analysing the mctaseappendix A
Because of the number of measurements (10 measurements on each expehienamount of data
is too large to present in the report. Boxplots representing the data aradnsted. The boxplots gi-
ves a simple overview of how the measurements are distributed. For momnation about boxplots
see appendix C. Along with the boxplots tables containing the mean, staraaatiah, maximum and
minimum value of the raw data are presented for both the top and bottom lkestbfexperiment. The
raw data can be seen on the appendix-DVD in the file "Chapter 10/Raw daft&ifdth.xIsx".

To analyse which control variables/workpiece parameter has influentteedop and bottom KW, ana-
lysis of variance (ANOVA) is made. An ANOVA is made individually for the toprkand bottom kerf

in both the FP vs CS and ST vs CS experiments (in total 4 ANOVA’s). The AN@¥thod is based on
theory explained in appendix C.

10.4.1 FPvsCS

In figure 10.7 the variation in the measurements of the FP vs CS experimersisear.eThe boxplot is
arranged after the control variable; CS. This entails that the influertbe &P can be seen for each CS.
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10.4. Kerf width

Kerf width

Aluminium sheet —>

Bottom kerf ——1—>

Cut 1 Cut 2 Cut 3

Figure 10.6: Example of 10 measurements of the bottom KW for a cut in a 0.thioknaluminium sheet. The red
lines, inside the green boxes, is the found edges.

The blue boxes represents the top KW and the red boxes the bottom KW.

The KW'’s of the experiments are seen in table 10.5. In table 10.5 the KWis &xperiment 5-24,
for both top and bottom KW are seen. The mean is found from all measuteiethe KW in a single
picture (including those measurements which in the boxplot are definedles)uthe standard devi-
ation, s, is found using equation 10.3. The mean KW is stated with the precision of ke whmber,
because of the influence from measurement errors, see appendie Atandard deviation is stated with
a precision of one decimal, this way it is comparable with the measurements ofitidness in chapter

4.
5=y 2l X (10.3)

Where:x; is each single measurement of the KW in top or bottom for a specific experirisihe mean
of the measurements.is the number of measurements for each experiment. (Montgomery, 2005b)
From the boxplots it can be seen, that for all the CS’s, the differenweckea the top and bottom KW is
largest at FP = -1.0mm. From the boxplot it can also be seen that as thefeRshs, the KW difference
decreases likewise.

It is noticeable, that the bottom box for experiment 12 is only based on theesurements. The matlab
tool used for the boxplot, has automatically inserted seven zeroes for thimgniseasurements explai-
ning why the box looks the way it does.

From the results in table 10.5 it can be seen that there are large deviatioesnredim KW when com-
paring the top and bottom mean KW. This is further illustrated in figure 10.8eMtertop and bottom
mean KW of the experiments with CS = 60mm/s and CS = 70mm/s. It can be seen tbhanti® va-
riable, having the largest influence on the KW, is the FP. The mean KW in this taper than in the
bottom for all the experiments when the FP = -1.0mm, 0.0mm and 1.0mm (experiraént 5

From table 10.5 it can be seen, that the standard deviation for the top #athdON are differs much
relative (1.1-15.Qum) from each other in every experiment. For all the experiments, the top KdM ha

1The mean of the KW at the bottom is only based on measurements at thimezipahe kerf.
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Figure 10.7: Boxplot for FP vs CS experiments. The experiments are aecafter CS first and then FP.

Control variables | Mean KW [um] | Std. dev. pm] SNR
Exp.ID | CS[%" | FP[mm] | Top | Bottom | Top | Bottom | Top | Bottom

5 60 -1.0 163 79 2.7 7.1 24.49| 1.73
6 70 -1.0 160 93 35| 15.0 | 14.68| 0.46
7 80 -1.0 205 114 4.5 8.7 11.14| 1.69
9 60 0.0 165 94 4.5 9.1 8.90 | 1.26
10 70 0.0 168 99 1.9 7.7 51.96| 1.84
121 90 0.0 142 95 24 | 46.8 |27.04| 0.30
13 60 1.0 105 65 2.1 8.1 25.88| 1.10
14 70 1.0 98 72 4.7 10.0 491 0.80
15 80 1.0 103 82 2.9 8.7 13.34] 1.21
16 90 1.0 95 77 3.2 6.2 10.38| 2.14
17 60 2.0 66 72 1.9 6.9 20.30| 1.70
18 70 2.0 64 76 2.5 5.6 12.26| 2.70
19 80 2.0 63 71 35 6.9 5.67 | 1.62
20 90 2.0 71 70 3.6 45 5.93 | 4.03
21 60 3.0 70 55 2.2 8.6 16.07| 0.82
22 70 3.0 74 70 1.1 45 |64.26| 3.79
23 80 3.0 76 77 24 8.7 1454 1.13
24 90 3.0 78 77 14 7.8 46.97| 141
Mean SNR 21.81| 1.65

Tabel 10.5: Results of the FP vs CS experiments.

smaller standard deviation compared to the botttom KW. This is further illustratéigure 10.9 which
illustrates the standard deviation of the top and bottom KW of the experiments ®ith@mm/s and
CS = 70mm/s. The reason for the deviation in the standard deviation canrberségure 10.10a when
comparing the kerf to figure 10.10b. The two figures 10.10a and 10.1@Hyckhows that the kerf in
figure 10.10b is much smoother along the length of the cut compared to the kigdre 10.10a

The minimum standard deviation among the top KW's is fdrh (experiment 22), and maximum 4.7
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10.4. Kerf width

Mean kerf width [um]
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Figure 10.8: The graph shows the mean KW of experiments, with CS = 60mimhS & 70mm/s, as a fuction of
their FP’s.

Standard deviation [um]

16

14

12

10

Focal point [mm]

——60 mm/sTop —+—60 mm/sBottom -e~70mm/sTop -m-70 mm/s Bottom

Figure 10.9: The graph shows the standard deviation of the KW in the topoatim of experiments, with CS =
60mm/s and CS = 70mm/s, as a fuction their FP’s.

um (experiment 14). The mimimum standard deviation among the bottom KW'’s igi.&experiment

20 and 22), and maximum 15/0m (experiment 6). It is diffucult to calculate one representative ratio
between the standard deviations for all the top and bottom KW's, becétiszlarge deviation in them.
The ratio between standard deviation for the top and bottom KW’s is apprtelyra6. The top KW
with the smallest standard deviation, is found in experiment 22 and 24 wicthbstRP = 3.0mm.
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(a) Cut 6 bottom. FP =-1.0 mm, CS = 70 mm/s. (b) Cut 6 top. FP =-1.0 mm, CS =70 mm/s.
Figure 10.10: Different KW in top and bottom for cut 6. ST = 0.7 mm

10.4.2 FP vs CS analysis/conclusion

Due to the mean SNR’s in table 10.5 two two-way ANOVA' for the FP vs CS rxaats, one for the

top KW and one for the bottom KW, are performed for experiment 13-P4. 8xperiments where the
FP =-1.0mm and FP = 0.0mm are not included, since they include experimedt Blavhich cannot

be measured. For experiment 12 only three measurements is available whithreépresentative for a
mean value. By excluding experiment 1-12 noise from the measured K\\¢dised.

ANOVA

In order for the FP, CS or the interaction between the FP and CS to haveificaigt influence, their ¢~
value must be higher than their respectiye#DoF) values.

Table 10.6 shows, that for the top KW, both FP and CS has a significanéricBuon the KW, see
equation 10.4. The FP is the main effect and on the KW with 92.1 % contributi@nefiror is relatively
small because of the small variation in the top KW'’s. Based on the ANOVA it &rcthat the FP has
the most influence on the top KW and ther other effect are negligble.

Source of variation  SS DoF MS R Fo.o1(DoF) | P-value| [%]
Focal point 25185 2 | 12592.5| 1603.24 4.807 0 92.1
Cutting speed 112.3 3 37.4 4.76 3.969 0.0037| 0.4
Interaction 1190.6 6 198.4 25.26 2.974 0 4.4
Error 848.3 | 108 7.9 3.1

Total 27336.1| 119 100

Tabel 10.6: Two-tay ANOVA for the top KW with FP = 1.0-3.0mm and CS = 60+490sn

Forp > Fo.01,2,108 <= 160324 > 4.807
Focs > Fo.013,108 <= 4.76 > 3.969 (10.4)
Forpcs > Fo.o16,108 <= 2526 > 2.974

From table 10.7 and equation 10.5 it can be seen that only the CS has a aigriifftuence on the
bottom KW with a 27.6 % contribrution. The error makes it clear that there isa gnfluence from the
variance of the bottom KW's. The error whithin each group has the lacgasribution of 51.4 %, for the
bottom KW. The FP has, according to the ANOVA, no significant influencthe bottom KW (3.4%).
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10.4. Kerf width

Source of variation SS DoF MS Fo Fo.o1(DoF) | P-value| [%]
Focal point 390.8 2 195.38 | 3.56 4.807 0.0317 | 3.4
Cutting speed 3182.1| 3 | 1060.69| 19.34 3.969 0 27.6
Interaction 2035.3| 6 339.22 | 6.19 2.974 0 17.7
Error 5921.8 | 108 54.83 514

Total 11529.9| 119 100

Tabel 10.7: Two-tay ANOVA for the bottom KW with FP = 1.0-3.0mm and CS 966wn/s.

Forp > Fo.01,2,108 <= 3.56 < 4.807
Focs > Fo.013,108 <= 19.34 > 3.969 (10.5)
Forpcs > Foo16,108 <= 6.19> 2.974

Because of the large variation on the bottom KW, as seen on figure 10.E¥¢ae from the random
error has the largest contribrution on the bottom KW for both the FP vs @& iexent. This means that
the CS effect on the bottom KW is smaller than the effect from the randamm rnich is KW variation.
It can be concluded, that the variation in the bottom KW makes the bottom uafitaigze further.

Effect of the FP

The FP’s effect is analysed further in relation to the found intensity disioibwf the laser beam from
section 7.4. This is done with the purpose of understanding the influetioe loéam spot intensity on the
KW. Because CS has a less significant contribution than the KW variationat iaciuded. Experiment
ID; 14, 18 and 22 are used in this analysis where is constant, CS = 70 mm/s.

The theoretical spot diameters are calculated in the top surface of the Bhedasic propagation equa-
tion, 10.6 is used with the values found from the least-square fit in sectiom@e4z-distance to the
top surface is found in equation 10.7 whetlie the ST (70Qum). From equation 10.8 the intensity, at a
given transverse distance on the beam spot diameter, is calciatedhe center of the beam amdhe
transverse distance, see figure 7.4 (Paschotta, 2012).

1
2M2Az | °
d;=dot |1+ (——)? (10.6)
g
FP—t,FP>0
- il (10.7)
IFP|+t, FP< 0
<2(XX0)22>
Ix = Imax- € (dOf/z) (10.8)
FP [mm] (2) | TS, & [um] | Top KW [um] | lavg[ %] | Imax [%] | 86% intensity
1.0 45 98 264 528 61
2.0 64 64 131 261 30
3.0 94 74 61 121 14

Tabel 10.8: Calculated spot diameters in the top surface and measurpdKW. TS = Top Surface. The 86%
intensity is the intensity on the beam spots circumferefice.top KW is for 70 mm/s.
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10. QUTTING QUALITY EXPERIMENTS - RESULTS

When evaluating the KW in relation to the calculated beam spot diameter in therfapesof the 0.7
mm sheet, disagreements are observed. In table 10.8 it can be seere ®f tor FP = 3.0, is smaller,
than the beam spot diameter in top surface of the sheet. This indicatesetkd¥tls not only a function
of the beam spot diameter. To understand this phenomen it is necessangier the gaussian intensity
distribution of the laser beam. For different FP of the laser beam, the intésitgifferent distributions,
see figure 10.11.

Aluminium sheet Z

Minimum spot
diameter (z=0)

N

y Top surface
\ 0.7 mm |
\ ABottom surface

Laser beam

Kerf width

FP [mm]

i
\
¢
/
™~

Intensity distribution

Figure 10.11: The settings for the FP during experiments.

It can be concluded, that both the spot diameter and the intensity distribasosnheffect on the KW.

10.4.3 STvsCS

In figure 10.12 the variation in the measurements of the ST vs CS experimergsar. In the boxplot
the experiments are arranged after the ST first and then CS.

From the boxplot it can be seen that, as it was seen in the FP vs CS expsritherbottom KW has

a larger variance than the top for all the experiments. This correspogitiaith the standard deviation
seen in table 10.9

From the results in table 10.9 it can be seen that the ST with the largest meantdtt itop and bottom

is where ST = 0.7mm. This is further illustrated in figure 10.13. The dispergidreanean KW in the
bottom is highest when the ST = 1.0mm (from 60#88). On the other hand the dispersion of the mean
KW in the top is lowest also when the ST = 1.0mm (from 127-132).

Regarding the standard deviation of the experiments generally the samadgigiseen as in the FP
vs CS experiments meaning that the top KW has a low standard deviation canbgpéne bottom KW.
This is further illustrated in figure 10.14. The minimum standard deviation amantpthKW's is 1.4
um (experiment 29), and the maximum is 4 (experiment 36). The minimum standard deviation
among the bottom KW's is 5.2m (experiment 28), whereas the maximum is 157 (experiment 36).
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10.4. Kerf width

Kerf width [pm]
)
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28 - 29 30 31 32 - 33 34 35 36
CS [mm/s]: 20 30 40 50 | 20 30 40 50 © 20 30 40 50

ST [mm] : 0.5 : 0.7 : 1.0

Figure 10.12: Boxplot for ST vs CS experiments. The experiments are athafjer ST first and then CS.

Control variables | Mean KW [um] | Std. dev. im] SNR
Exp.ID | CS[%] | T[mm] | Top | Bottom | Top | Bottom | Top | Bottom
25 20 0.5 108 68 2.3 8.0 23.16| 1.16
26 30 0.5 100 66 3.5 9.2 9.12 | 0.86
27 40 0.5 121 62 33| 145 |12.13| 0.33
28 50 0.5 109 73 2.5 5.2 18.76| 2.98
29 20 0.7 170 92 1.4. 6.5 95.52| 2.40
30 30 0.7 151 81 3.0| 123 | 19.01| 0.59
31 40 0.7 141 82 2.0 8.9 38.05| 1.19
32 50 0.7 155 83 2.4 8.9 26.63| 3.89
33 20 1.0 132 76 2.1 8.6 34.64| 1.14
34 30 1.0 131 60 19| 104 | 39.58| 0.62
35 40 1.0 127 76 38| 149 9.93 | 0.38
36 50 1.0 128 83 4.5 15.7 7.15 0.37
Mean SNR 27.81| 1.33

Tabel 10.9: Results from the ST vs CS experiment.

10.4.4 ST vs CS analysis/conclusion
ANOVA

Due to the mean SNR’s in table 10.9 two two-way ANOVA are performed to inagstif either the ST
or the CS has a significant influence for the KW on the top and the bottom iK@/deer for the ST, CS
or the interaction between the ST and CS to have a significant influence Kitilee Fy value must be
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Figure 10.13: The KW as a funtion of CS for different ST’s, 0.5, 0.7 and 1.0 mm
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Figure 10.14: The graph shows the standard deviation of the KW in the topkemtbm, as a funtion of CS for
different ST's, 0.5, 0.7 and 1.0 mm.

higher than the respective j1(DoF) value.

In table 10.10 and equation 10.9 the results of the ANOVA for the top KW isepted. Similarly in
table 10.11 and equation 10.10 the results of the ANOVA for the bottom KW sgepted.

Fost > Fo.01,2,108 <= 252961 > 4.807
Focs > Fo.01,3,108 <= 5294 > 3.969 (10.9)
Fostcs > Fo.o16,108 <= 10504 > 2.974
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10.4. Kerf width

Source of variation SS DoF MS R Foo1(DoF) | P-value | [%]
Sheet thickness | 41298.5] 2 | 20649.3| 2529.61| 4.807 | 1.910 %[ 84.9
Cutting speed | 1296.4 | 3 432.1 | 52.94 3969 |[3.910%| 2.7
Interaction 5144.6 6 857.4 105.04 2.974 9.410 % | 10.6
Error 881.6 | 108 8.2 1.8

Total 48621.1| 119 100

Tabel 10.10: Two-way ANOVA for the top KW with ST = 0.5, 0.7 and 1.0mm and @8-50mm/s.

Source of variation SS DoF MS Fo | Fooi(DoF) | P-value| [%)]
Sheet thickness | 6674 2 | 3337.01| 30 4.807 0 29.3
Cutting speed 2120 3 706.68 | 6.35 3.969 0.0005| 9.3
Interaction 1985 6 330.84 | 2.97 2.974 0.01 8.7
Error 12012.9| 108 | 111.23 52.7

Total 22792 | 119 100

Tabel 10.11: Two-tay ANOVA for the bottom KW with ST = 0.5, 0.7 and 1.0mmG®ie 20-50mm/s.

Fost > Fo.01,2,108 <= 30> 4.807
Focs > Fo.013.108 <= 6.35> 3.969 (10.10)
Fostcs > Foo1e.108 <= 2.97 < 2.974

From equation 10.9 and 10.10 it is found that both the ST and CS have acsghififluence on the
top and bottom KW. The interaction between the ST and CS also have a sighiifitaence on the top
KW. There is however no significant influence from the interaction of thai®& CS for the bottom KW.
Table 10.10 shows that for the top KW the ST contributes by 84.9 % on the tagdtMhe other hand
table 10.11 shows that the ST only contribrutes 29.3 % to the bottom KW.

It can be seen that the error in sum of squares, in table 10.11, is rgldtivge and that its effect
contributes 52.7 % to the bottom KW. This means that the main reason for vafi@imriihe mean KW,
comes from variation within the 10 measurements of the bottom KW and not fre@Ttor CS.

Effect of stand-off distance

As a consequence of having observed that the ST has the largesh@eflae both the top and bottom
KW when not considering error the ST is further analyzed. When cerisgl figure 10.13 it is noticed
that the ST of 0.7mm has the largest top and bottom KW.

In chapter 9 it was declared that the STO in the experiments aren’t the sagach ST. The STO for ST
=0.5and 1.0 mmare 0.4mm and for ST = 0.7mm it is 0.8mm. Bearing that in mind this maynexhy
the KW is larger than the others. From the results of the KW measurements spécido ST and STO
an indication is seen that a larger STO results in larger KW’s. Due to a lasofirces the indication
is not further studied in this thesis.

10.4.5 Sources of error for both the FP vs CS and ST vs CS exparents

« Caliper tool: The error is approximated#dl.5um.

» Section of measured length of each experiment.
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The source of error regarding using the caliper tool to measure the Ké&an relation to using the NI
Vision Builder software and is further explained in appendix A.

In relation to selecting the section where the pictures used for the meastsarhtdre KW are taken, a
source of error is that the section which is selected varies in each expérimeeffort is made that the
pictures are taken in between the start and end of the cuts thereby avaidirggwhich may be involved
with the start and end of the cuts.

10.4.6 Conclusion for FP vs CS and ST vs CS experiments

In this section it is found, that the top KW is highly depending on the positionef and the ST. It
is found that the results for the bottom KW's is primarily affected by an ewbich is due to the large
KW variation. The effect from CV and WP on the bottom KW is negligble. Th#ieg speed has an
significantly influence in the two experiments but can be seen as negligbleacedp the other effects.

In appendix C.1 a residual analysis for the four ANOVAs show, that gsamption of hormal pro-
bability distribution of the residuals is present. This means that the conclusiahe significant effects
on the KW can be given high credibility.

It is found that the STO and the intensity distribution of the spot diameter hadglaance on the KW.
The effects of STO and intensity are not analyzsd enough to determinénttesnce on the KW.

The KW is can not be evaluated in relation to the holes in the speaker grillubedhe holes have
no kerf. The important information on KW is therefore the standard deviatiaihe cuts. From chapter
4 it was found that the mean roundness of holes is defined by the maximumiaimium diameter of
the hole, see figure 10.15a. The assumption made for the evaluation, fetbgtteat the standard devia-
tion for each KW can be separated into two equal standard deviationsbrsiela of the kerf, see figure
10.15h. As a consequence of this, only a quarter of the roundnessnioteis used for the evaluation of
the standard deviation. With this assumption, it is found that the following ctitdiea the requirements
with a roundness tolerance &#.5um on the top KW variances antd5.25.m on the bottom KW vari-
ances: All the top KWs for experiment 5-36, except experiment 14 attdrin KW experiment 20 and
22.
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10.5. Kerf taper

Roundness

< Mean KW = 93um >
15um 15um

Roundness tolerance = 19.5 Hm

KWstandard Mean KW = 93um
One éide deviation < >|
=6um <—>l<> >l
f cut kerf -~
oreutie 7.5um 7.5um 7.5um 7.5um
(a) The half standard deviation of the KW is evaluated in rel@is) Example of how the roundness tolerance is evaluated in
tion to the roundness tolerance of a hole. relation to the KW standard deviation. The shown example is

experiment 6 bottom KW deviations. The figure shows, that the
experimtent does not satifsy the roundness requirement.

Figure 10.15: The roundness tolerance in relation to the KW standard dmria

10.5 Kerftaper

The KT is a function of the top and bottom mean KW and the ST. It is therefeacalated and not
measured value. The KT is the angle between the two top and bottom and imeaiaising equation
10.11.

top KW—bottom KW
o OO 180
KT =tan! < SZT ) — (10.11)

10.5.1 FPvsCS

For calculating the KT for experiment 5-24, the mean KW of the top and botfaach experiment are
used from table 10.5. On figure 10.16 the KT for four different CSis lsa seen as a function of the
FP. It can be seen, that for the four CS's, the FP has the same eff¢oe &T. It is clear, that the KT
decreases for alle the CS’s until FP = 2.0mm where the minimum KT is foundKTlstarts increasing
again from FP = 2.0mm to FP = 3.0mm.

10.5.2 STvsCS

The KT for the different ST’s as a function of the CS is seen on figurg&7L0t can be seen, that the KT
does not have any clear tendency as a function of the CS for all threeTE ST has the main effect
on the KT. The mean KT for the ST’s for the four CS’s are: ST = 0.5mi#,1IST = 0.7mm: 28° and
ST =1.0mm: 23°.

10.5.3 Sources of error for KT

Because KT is found from the KW, the same sources of error arengrese
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Kerf taper [deg]

1 0,5 0 0,5 1 1,5 2 2,5 3
Focal Point [mm]

—4—60mm/s —M—70mm/s =—&—80mm/s =—=—90mm/s

Figure 10.16: The graph shows the KT as a function of the FP for four diffe@S's.
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Figure 10.17: The graph shows the KT as a function of the CS for three diffSiEs.

10.5.4 Conslusion/analysis

From the results it can be concluded, that the FP is desicive for the K&ckedse in ST shows a ten-

dency for decrease in KT.

From the requirements in chapter 4, the referece for KT i8.0rzluding the KT standard deviation
entails, that the KT must be in the interval of -0.1 -0.@sing this interval only cut 16, 21, 22, 23 and
24 are satisfactory. Cut 15, 17 and 20 violates the requirement with éam@.1°, and cut 14 and 15

with an angle on 0.2 and 0.4°.

From section 3.4.7 it is known that an increase in cutting speed will dectea&d". This corresponds to
figure 10.16 for FP = 0.0 and 1.0mm where the cutting speeds decrea$€k fhige figure also shows,

that the smallest KT is found when FP is above the sheet surface.
From figure 10.17 theory also agrees with the observed, that smalleitisickaess’ entail a smaller KT.
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10.6. Overview

10.6 Overview

When considerating all the quality parameters for the FP vs CS experimdhts asualized in figure
10.18. It shows that only experiment 21 and 22 with the settings: ST = 0.7 mm3®mm, CS =70
mm/S satisfies all the requirements from chapter 4.

: e @ o
P °
E
°
S ey
& K
g : S
5 70 @ - @ .
3 . L}
O ‘. o

-1 0 1 2 3
Focal point [mm]
MTE Dross KT KW std. dev. (Top) KW std. dev. (Bottom)

Figure 10.18: The marked quality parameters indicates when the requintsnare satisfied for the FP vs CS
experiments.

The ST vs CS experiments shows, that none of the experiments (25ti36gsall the requirements, see
figure 10.19.
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Figure 10.19: The marked quality parameters indicates when the requinésnare respected for the ST vs CS
experiment.

10.7 Summary

Throughout this chapter the results from the experiments, with respea tutlity parameters dross,
MTE, HAZ, KW and KT have been analyzed. It is found, that only ekpent 21 and 22 satisfies all the
requirements. Indications seen on figure 10.13 shows, that the inflaénoeontrollable change in the
STO during the experiments, have affected the results of the experimaetmdgnitude from this error
is not known, but is expected have given rise to a larger variation in thiitgjparameters.

The used FP interval, that allows the beam to cut through the sheet, is almmosaimum interval
which is possible. Is is experienced, that with FP = -2.0mm, it is not possiblettinugh the sheet.
This is becauseglg is to small. FP = 4.0mm have not been used in experiments, but from theoretical
beam spot diameter calculation, for the sheets top surface, an evenllgg$e found. Equation 10.6
is used with z = 3.3mm. The interval used for the CS is further from the maximumvahtéhat allows
the beam to cut through the 0.7mm sheet. The maximum CS interval is from 0 n9@/s, because
experiment 8 with FP = -1mm and CS = 90mm/s has not cut through the sheemdkes it clear why
the FP has a higher influence than the CS.

When the considering the calculated Rayleight lenght, from section 7.3.5oitiilf that it can not be
used as a measure for obtaining parallel KWs (equal in top and bottom)isT$een from experiment
25-36, where FP = 0.0mm and the KT for all the cutgti§. Conclusion on the depht of focus value on
+ 0.41mm can not be made because ST is larger thand 0.41mm for all experiments

The comparison with information on the quality parameters from chapter 3.grdesito some extent
with the results. This may be because little of the used litterature is based aimexmts with a single

mode fiber laser.
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High quality laser cutting at
B&O

In this chapter it is analyzed how the results of the experiments can be éjpplielation to using laser
cutting at B&O for processing holes.

From the experiments conducted in this thesis, it is found that it is possible tim ¢dhéadesired cut-
ting quality in aluminium sheets with a thickness of 0.7mm. It is also found that ttet 8fiekness has
a significant effect on the quality parameters. As a result of this ansamses of how, the results from
the cutting quality experiments, can be applied when using the B&O aluminium ahapier 9) with
2.0mm aluminium sheets, is presented. The assessment is divided into thénglibree sections:

* Quality parameters
* Assist gas pressure and stand-off distance

» Manufacturing considerations

11.1 Qality parameters

The conclusions on the quality parameters obtained in chapter 10 caneaitydive transfered to B&O
and must be evaluated in relation to the aluminium alloy and ST that B&O use.

11.1.1 Dross and MTE

From the results obtained from the experiments in this thesis, it is difficult ®rgiwcomendations on
how to minimize dross and MTE. This is because both EP’s, CV's and WRis hia effect on these
gality parameters. The recomendation for B&O is to conduct more experiméetewhe objective is to
minimize dross and MTE.

11.1.2 HAZ

The experiments have shown, that HAZ, in the form of color changes iwdhlepiece, do not occur for
any of the settings of the CV’s and WP's. Instead spatter, from the pgepincess, is burned onto the
surface of the sheets and can create color changes on it. In ordeido/asible spatter on the surface, it
is crucial, that the the piercing point is placed at a point where spattemdbeffect the final look of the
workpiece. It is expected that the amount of spatter will increase with thesSi¥ell as piercing time.
This expectation is based on the fact that more material will be in a molten state litefan be ejected
out through the bottom of the workpiece. Several solutions to avoid sgaitdr two of them are:
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11. HIGH QUALITY LASER CUTTING AT B&O

» Spatter can be avoided by controlling the power during piercing. Thisavamall and precise
piercing hole can be created. This is done by decrease the piercing ptwe the deflection of
the laser beam is getting higher. For more information see (Davis, 2012)

 Anti-spatter lotion can be applied on the workpiece surface to avoid adbeof spatter on it. For
more information see (GmbH, 2012).

11.1.3 KW

The KW determines the actual diameter of the laser cut holes. It is thefarial to know the top and
bottom KW in order to obtain the desired hole diameter. In order to obtain whiéheder that needs
to be specified when cutting a hole of a given diameter the KW must be subltfaate the intended
diameter of the holw. The specified diameter is the path that,the center of thééasa follows, see
figure 11.1.

Intended hole diameter

Laser beam path

Figure 11.1: The KW must be subtracted from the intended diameter of aihadeder to obtain the desired
diameter.

It is difficult to calculate the theoretical KW for a specific aluminium alloy and I&icause it depends
on both CV’s, EP’s and WP’s. As a consequence of this, the KW must lasumned before the correct
KW can be subtracted from the intended hole diameter.

It is found, that the KW increases with ST, which indicates, that with 2mm theets, the KW will
increase further. The recomendation to B&O regarding the KW is not to optiitriize: rather optimize
the other quality parameters along with minimizing the KW deviation and then measuresthlting
KW.

KW deviation

It is found that the KW deviation has an influence in the diameter of a lasenatat This must be
taken into consideration when chosing a positioning system with a specifiantokerThe roundness
tolerance is therefore affected by both the KW deviation, accuracyegrahtability tolerance for a given
positioning system.

11.1.4 KT

For a constant KT, the difference in the top and bottom hole diameter willasererhen the ST increases.
From chapter 4 the maximum difference between best fit top and bottom drag2@em. In order to
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11.2. Assist gas pressure and stand-off distance

ensure that the laser cut holes in the top and bottom of the 2.0mm sheet, is widiffdrence, the KT
angle must be approximately 0,3ee equation 11.1.

20um
. = 180
Maximum KT angle= tan! ( 2 ) :

— =03 11.1
200Qum m 03 ( )

From the experiments in this thesis, it is not known if it is possible to obtain a Igllear 0.3 in 2.0mm
aluminium sheets. The reccomendation for B&O is to conduct more experimbatg the KT is further
investigated.

11.2 Assist gas pressure and stand-off distance

Two control variables are set to be constant during the experiments in éisis thut are known to have
an effect on the process, these are:

Assist gas pressure

For industrial use a pressure on 20 bar is relatively high. A high presstails, that the total gas use
increases as well as the costs. It is therefore recommended to use a&sigtrgas pressure to reduce
costs. Using a lower gas pressue will have an effect on the quality peen{dlarendra B. Dahotre,
2008). The magnitude of this effect on high quality laser cutting, is not kndore experiments must
therefore be made in order to determine this magnitude.

Stand-off distance

A systematic error in stand-off indicates, that it has a influence on the gpaligmeters. It is therefore
crucial for B& that the stand-off distance is controlled with a fine tolerafoe industrial laser-cutting
machines, the stand-off distance can be controlled by an automatic heigbt $larendra B. Dahotre,
2008). To obtain constant stand-off distance, it is necessary to esesarsThe reason for this is due to
the fact the the workpiece will tend to warp as it is cut.

11.3 Manufacturing considerations

From chapter 2 it is known that the currently used drilling process makesfides each second, when
manufacturing the speaker grill from chapter 4. The distance betwedmkbe vary in the interval; 0.7-
4.0mm. In the following example is made to illustrate what speed is required in twrdempete with
the currently used process. In the example a distance of 2.0mm betweanatéshused. On figure 11.2
the path of the laser is shown, when cutting four holes in a row and wheg asimlet. In equation 11.2
the total distance from the movement of the positioning system is calculated.

In this example a piercing time of each hole of 0.1s is used. Accelerationseaudalerations are not
considered. The estimated cutting speed is calculated in equation 11.3 teiagiedy 60mm/s. From
(B. Adelmann, 2011) it is known that CS’s of 150mm/s are achievable in alumisineets, with a
thickness of 1.0mm, with a 500W single mode fiber laser. From (Mounir, 2iDi2known, that for a
2kW single mode fiber laser, CS’s of 500mm/s can be achieved in aluminiuntsshitle a thickness
of 1.0mm. Even though (B. Adelmann, 2011) and (Mounir, 2012) dodmve the same requirements
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to the quality of the cut, it indicates that a CS of 60mm/s which also results in a gdaaglality is
achievable.

Cutting head/XY table movements
~C— Laser cuthole
L 2.0mm
Hole inlet

Figure 11.2: Sequence of cutting 4 holes. The circular lines indicateptith where the laser is turned on and the
dotted lines indicate the path of the laser where it is turnéd

Total distance=4- ((1.8mm- m + <09m2mn>> +3-2=234.3mm (11.2)
. 343
Cutting speed- LLLLAY 60mmy's (11.3)

0.6s
Warping in workpieces

As it was mentioned in the section regarding the stand-off distance, theisods tend to warp as heat
is put into the workpiece. It is known that B&O are interested in being able & lag geometries in
workpieces that previously have gone through a forming processldtian to this it is important that
reservations regarding warp of the workpieces are made. It is thenefoommended that B&O further
investigates how much the workpiece will warp if processed with laser cutfieg ey have been
formed.
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Conclusion

The general objective of this master thesis is to investigate to which extentlatiag can be used for
hole processing of high quality workpieces in aluminium at B&O.

An analysis of the advantages and disadvantages of using laser cuttimgaieEm to a currently used
drilling process is made. Based on the analysis it is concluded, that thebbasssaor using laser cutting
in connection with making holes in high quality workpieces.

Because there aren'’t a clear definition of what high quality workpieoesam analysis is made ba-
sed on a workpiece currently manufactured at B&O. From the analysiratioe of how holes shall be
in a high quality workpiece is set up.

On the basis of the problem formulation two types of experiments are conldwbierein different set-
tings of the control variables focal point, cutting speed and sheet trgskare used.

Based on the experiments it is concluded that it is possible to obtain a cuttifity goat satisfies the
requirements for holes in high quality aluminium workpieces. The settings ofoiteot variables and
workpiece parameters which satisfies the requirements are as follows:

Material: Aluminium EN AW-1050A (99.5%Al)

Sheet thickness: 0.7mm

Cutting speed: 60-70mm/s

* Focal point: 3.0mm

Operating laser power: 420W

* Assist gas pressure: 20bar

Stand-off distance: 0.8

Even though it is concluded that a combination of settings of the workpie@amgéers and control
variables result in satisfying the requirements it cannot be concluded #etitiags will work for the

material that B&O use. This is mainly because it is concluded that the sheetdbigkwhich in this
thesis is 0.5, 0.7 and 1.0mm and at B&O is 2.0mm, have a significant influence quietlity parameters.
In order to be able to present the control variables which result in satisfipe requirements more
experiments must be conducted.
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Discussion 1 3

Due to the fact that the experiments conducted in this thesis have been maddtiaat IPU in Co-
penhagen, it has only been possible to conduct laser cutting experiraentsefday. Because of this it,
has not been possible to correct the obvious errors that have dftbeteesults of the experiments. This
is primarily the error in stand-off distance and the large difference in thevadteof the control variables.

From the overall knowledge in this thesis new experiments, with respectténoiy more informa-
tion on to which extent laser cutting can be used at B&O, can be condudiexddcdn be done with one
or more of the known optimization methods described in chapter 6.

Regarding the quality parameters it can be discussed if the defined quabtyetars from the dril-
led holes is the best point of reference for high quality laser cutting. Efiaition is made because
B&O doesn’t have any definition of the quality of laser cut workpiecess lecommended that B&O
makes a clear definition of the quality parameters if laser cutting shall be W#eeh doing this, it
can be dissused if the perpendicularity and angularity tolerance shoingdlbded, since it is a known
guality parameter from the thermal cutting standard (Association, 2002nlfurther be discussed if
this tolerance implicitly can be evaluated through the quality parameter kerf takewise the quality
parameter mean height of the profile have not been evaluated in this thesis. be discussed if the
parameter implicitly have been analysed through KW deviation.

Because the quality parameters are defined in the magnitugenpogmall impurities in the material,
non-uniform assist gas pressure, etc. and measuring errorsfeahth& results. It can be discussed if
the quality parameters should have been stated with a rougher presicidipaman

Only two holes from the case is used to define the reference for drdssia&. More than two holes
must be measured in order to obtain more representative referencs.value
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Nomenclature & Abbreviations

AGP
ANOVA
BPP
Ccv

CS

DOF
DoF

EP

FP
HAZ
KW

KT
KWop
KWhottom
MHP
MTE
Nd:YAG
OLP
PAT
SNR
ST

STO
WP

Abbreviations

Assist gas pressure
Analysis of variance
Beam parameter product
Control variable

Cutting speed

Depth of focus

Degree of freedom
Equipment parameter
Focal point

Heat affected zone

Kerf width

Kerf taper

Kerf width in top surface
Kerf width in bottom surface
Mean height of the profile
Melting of top edge

Neodymium-doped yttrium aluminum garnet

Operating laser power

Perpendicularity and angularity tolerance

Signal-to-noise ratio
Sheet thickness
Stand-off distance
Workpiece parameter
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14. NOMENCLATURE & A BBREVIATIONS

Variables
c Specific heat capacity
Omax Max. diameter
Omin Min. diameter
destFit Best fitted diameter

dgestFitTop Best fitted diameter on the top surface
OeestritBottom Best fitted diameter on the bottom surface

dot Beam waist diameter

dk Core diameter of optical fiber

d, Beam diameter at distance z

f focal length

fe collimation length

h Distance from straight cut to circle
Imax Max. intensity

lavg Average intensity

M?2 Beam quality factor

MS Mean square

r Radius of hole

S Standard deviation

& Variance

y Distance from heat source

R Rayleigh length

SNR Signal-to-noise ratio of i'th experiment
SS Sum of squares

A Wavelength of laser

Atc Thermal conductivity

© Beam divergence angle

6 Ideal beam divergence angle

Bspot Angle as a function of the spot diameter
U Mean

p Density of material
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Vision Builder Measurements

In this appendix the measuremts of the quality parameters and dimengitgrainces is documented.

The pictures that shall be measured in order to obtain the results frompgharagnts:

1. Profile of cut kerf measuring

e Dross

» Melting of Top Edge (MTE)
2. Kerf Widths measuring
3. Circlular measuring

» Diameter of holes

» Diameter of laser beam spots

The above pictures are used for measuring the quality parameters oféhedasheets and dimensional
tolerances from the holes in the speaker grill. The vision software; NI ViBiilder, is used for all
the measurements. The measurements are made from pictures taken with tgugsitidon Software
(LAS) from a camera attached to a Wild M8 Heerbrugg stereomicroscopéeitz Metallovert inverted
metallurgical microscope. The opensource drawing program; Inksisageged to manipulate the pictures
taken.

A.1 Dross and MTE

Dross and MTE are measured from the same picture. The picture is takerzawith 50 and has a
resolution of 3132 x 2325 px. The procedure for measuring dros$/drtglis:

1. The workpiece is cut with a saw and molded into transparent epoxfigsee A.1.
2. The molded workpiece is sanded down to where the area of interest is.

3. Pitures of the molded workpieces are taken with one of the microscapesdio cut profile molded
in the same block of epoxy.

4. The pictures are imported into Vision Builder and software is calibratad fte ruler on the
pictures. item The manipulated circles (MTE) and dross is measured. dbg loeight and radius
of molten edges is written to a .txt file.
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A. VISION BUILDER MEASUREMENTS

Dross and MTE are measured from using one side of the cut kerf. Ttezial®f the sheet, including the
side of the cut kerf, is molded into epoxy. Four or six cut kerfs are mailaedhe same block of epoxy,
depending on the number of cuts from a single sheet. The cut profile isunadasom five different
pictures of the cut in the epoxy. To obtain the five different pictures tpexxblocks are sanded down
with a sandpaper, see figure A.1. The sandpaper has gritsize of22@niount of scratches and flaws as
a coucequence of the gritzise is not known, but seen as negligbledss.dfor MTE the error is though
not negligible. Pictures are taken after each sanding process. THe heigveen each measurement is
approximately 0.2mm.

Figure A.1: The sides of the cut kerf molded into epoxy. The differerkards are molded in the block, so they are
perpendicular on the plane the pictures are taken from. giayare sanded off.

After obtaining the pictures of the profile, MTE is measured by manipulating itterps by adding

a reference circle to the picture to identify shap edges and molten edgesadins of the reference
circle corresponds to 36n. Molten edges are identified from fitting the reference circle to the horikzonta
and vertical side of the cut. If the top edge is shown, it is given the valsh&§ edge). The others are
identified as molten edges. There is drawn a circle in inkscape, which fits fhemmedge on the profiles,
figure A.2b. This circle is measured with the "find circular edge" tool in ViBailder, figure A.8a. First

a subtraction of colors is made since the "find circular edge" tool is segrfidr a change in color; from
black to white. The edge can thereby be recognized easier by the toole@icthres of the holes, the
quality parameter, dross is measured using a function called "Caliperte fig@a. The caliper tool is
moved manually, until the tool recognizes the edges, limiting the dross height.
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A.2. Kerf width

(a) Measuring dross with the caliper tool (b) Manipulated profile with circle fitting a molten edge.

Figure A.2: From the profile of the cut both dross and MTE is measured.

A.2 Kerf width

All the pictures of the kerf widths are taken with a zoom 100. The pictur@uwgen is 3132 x 2325 px.
The Procedure for measuring the kerf widths is:

 Import picture in NI Vision Builder

» From the first picture, the ratio between pixels gm is calibrated, by the use of the ruler, see
figure A.4. The number of pixels that equals the ruler is specified, by ctjolimthe starting and
ending pixel on the ruler.

 Ten caliper tools are distributed with the same space over the length of tha lar.

» Each caliper measurement is evaluated. If the fit is bad, the caliper setéirghanged until a
reasonable fit is seen, figure A.5, A.6 and A.7.

e This is done for all the available cuts.

» The data from several cuts are written to a .txt file which is used in the fuatiadysis.

The tool "caliper" locates the edge of the kerf from several points Igixigure A.5b. The caliper tool
contains a list of settings which influences the distance, the tool measuttes logrf. When locating the
distance between two edges, the user specifies the area of interestdgea), figure A.3a.

Five settings of the Caliper tool desides how the tool locates the edgeseartiytHinds the distance,
see figure A.3. The settings are; Gap (between pixels on the edge)stenagth, Smoothing, Steepness
and the chosen height of the area on the kerf width. From changing ttiregsée tool finds different
distances.

In order to take this into consideration the same distance have been mefagaitedes with different
settings to find the theoretical error. In table A.1 and A.2 five measuremertefeame distance can be
seen in respectively bottom and top of the same kerf.
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A. VISION BUILDER MEASUREMENTS

Caliper Setup
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(a) It can be seen how 10 calipers are distubruted with the (b) The settings of the caliper tool. A histogram of
same interval over the whole lenght of the cut. The height of the marked area on the cut kerf is shown in the
the picture is 67um bottom.

Figure A.3: The use of the caliper tool.

Figure A.4: The ruler from the microscope picture is used to find the pinalratio. The green areas shows the
two chosen pixels, which measures the number of pixels asedl€ulating the ratio. The ruler is 453 pixels.

(a) Exp. 5, bottom. KW = 84.30m (b) Exp. 5, bottom. KW = 85.02m
Figure A.5: KW of 84.30 and 85.02m measured the same place on the kerf.

(a) Exp. 5, bottom. KW = 85.98m (b) Exp. 5, bottom. KW = 86.8im

Figure A.6: KW of 85.98 and 86.8im measured the same place on the kerf.
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A.3. Holes and beam spot diameter

Figure A.7: Exp. 5, bottom. KW = 87.1am.

No. 1 2 3 4 5 Mean | Max. difference
Value | 84.30| 85.02| 85.98| 86.81| 87.12| 85.85 2.82

Tabel A.1: Five measurements for the same bottom KWs on exp. 5. Thegseéttithe Caliper tool are different for
each measurement.

No. 1 2 3 4 5 Mean | Max. difference
Value | 159.26| 159.97| 160.02| 161.76| 162.35| 160.67 3.09

Tabel A.2: Five measurements for the same distance on exp. 5. Thegseittithe Caliper tool are different for
each measurement.

A.2.1 Error

The found mean and max. difference includes a measureing variatipm)3om table A.1 and A.2.
The caliper tool recognizes the edges clearly, as seen in the histogréigumnA.3. An error occurs
from when diffirent settings of the caliper recognizes different pointthe edges, see figure A.5a. The
error is approximately: 1.5 um

The error from the pixel taum scala is very little. It depends on how well the scala from the Leica
software is calibrated, and if the user of Vision Builder clicks on the cqriget. It is estimated that this
error is very little, because the pixels are chosen carefullymiequals 2.265 pixels. By chosing 452 in
stead of 453 px to equal 2pn error on 0.2 % occurs.

A.3 Holes and beam spot diameter

After obtaining the pictures of the beam spots/holes, the pictures arerfurdrepulated in the drawing
program inkscape to be able to measure the tolerance parameters anspl¢siithe manipulation re-
gards drawing a circle, which fits onto the respective diameter, which isrteelbsured. After the pictures
are manipulated in inkscape they are loaded into the NI Vision Builder softivettee NI Vision Builder
software the drawn diameters are measured using a "Find Circular Edgggith. On figure A.8a it can
be seen, that the edge from the spot, made with the Nd: YAG laser is uncleéiigdl Therefore a white
circle has been laid on top of the picture using Inkscape.

The error in measuring beam spots are primarily caused by the beam epbting round. The magni-
tude is not known, but expected be significant. The errors in measugrth diameters is estimated to
be very small. Ni Vision Builder, fits the circle through a set of points. Asrssequence of this an error
on approximately 0.5min standard deviation is given from the program.
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A. VISION BUILDER MEASUREMENTS
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(b) Large error in location the diameter of the spot, due
to unclear definition of the spot diameter limits. Different

() Finde circular edge tool
circles can be fitted to the spot circumsfere.

Figure A.8: Beam spot measurements.
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Laser cut sheets

In this appendix figures showing the cuts made in each aluminium she#t@cdts used in the report

are presented.

B.1 Aluminium sheets used in section 9.1

A

132mm Plate 1

27 28
26

25

\

< 139mm »

(@) The cuts made in plate 1 indicated by black
lines, those used in the report are indicated by a
number refering to the experiment ID used in the
thesis.

132mm Plate 3
35 36
34
v 33
< 139mm -

(b) The cuts made in plate 3 indicated by black
lines, those used in the report are indicated by a
number refering to the experiment ID used in the
thesis.

Figure B.1: Cuts/experiments in plate 1 and 3.

Plate 5
132mm
11 12
32 9 10
y 29 30 31
< 139mm >

(@) The cuts made in plate 5 indicated by black
lines, those used in the report are indicated by a
number refering to the experiment ID used in the
thesis.

Plate 6
132mm
1 2 3
8 4
5 6 7
< 139mm >

(b) The cuts made in plate 6 indicated by black
lines, those used in the report are indicated by a
number refering to the experiment ID used in the
thesis.

Figure B.2: Cuts/experiments in plate 5 and 6.
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B. LASER CUT SHEETS

Plate 7
132mm
16
y 13 14 15
< 139mm >

(a) The cuts made in plate 7 indicated by black
lines, those used in the report are indicated by a
number refering to the experiment ID used in the
thesis.

132mm

\

Plate 9
20
17 18 19
< 139mm »

(b) The cuts made in plate 9 indicated by black
lines, those used in the report are indicated by a
number refering to the experiment ID used in the

thesis.

Figure B.3: Cuts/experiments in plate 7 and 9.

132mm

\

Plate 10
24
21 22 23
< 139mm >

Figure B.4: The cuts made in plate 10 indicated by black lines, those unstb@ report are indicated by a number

refering to the experiment ID used in the thesis.
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Analysis of variance

In this appenfix the theory of analysis of variance is described. Thisraipis inspired by (Montgomery,
2005a)

The purpose of using ANOVA is to determin if the influence from the contaviables are significant
on the KW. A two-way ANOVA is used for factorial experiments. ThrougN@VA the mean KW of
the cuts are compared. By doing this it can be determined if there is a sighiiff@nence in their re-
spective means as an effect from the control variables or workpareeneters. To do this it is necessary
to define a hypothesis which can be tested. Six hypothesis’ are formutigtaddH,, see equation C.1,
C.2 and C.3. Six hypothesis’ are formulated because it is desired to tesbiwmlcvariables and one
interaction between theriy is the null hypothesis anid; the alternative hypothesis. It is not possible
prove the null hypothesis but only to reject or not reject it. The stroaggument is therefore to reject
the null hypothesis and thereby prove the alternative hypothesis, that teject the null hypothesis.

Ho:mi=To=..=T1=
0-T1=T2 Ti 0 (C.l)
H; : atleastong #0
Ho:Bi=B=..=08 =
0:B=p Bi=0 (C.2)
H :atleastong; #0
Ho : (1B)ij = Ofor alli, j (C.3)

H, : at least onér3);; #0

For analysis of variance it is assumed, that the variance between the im@aesto variance within a
group or between groups. In this ANOVA each group is 10 measuremgétite &W for a single cut.
Through ANOVA it can thereby be analyzed if the variance is due to:

 Variance between the groups, caused by the control variablesdwomaarrors.
 Variance within each group, only caused by random errors.

An effect model is used, which is defined in equation ¢.4s the overall meart; is the effect of théth
level of control variabel AB; is the effect of thejth level of control variable B(1);; is the effect of
interaction betweem andfj, andgj is a random error. (Montgomery, 2005a).

i=12...,a
Yik =H+T +Bj +(Tﬁ)ij + &ijk i=12,... b (C.4)
k=12, ....,n

In table C.1 a general arrangement for a two-way ANOVA is shoxyinis the observed response when
control variabel A is at théh level where i=1,2,...,1.
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Control variable B
1 Y111, Y112, | Y121, Y122, Yib1: Y1b2,
5 Y1in “y Yion “y Y1bn
2 Y211, Y212, | Y221, Y222, Y2b1: Y2b2,
Control Variable A Y2 |t Yo " Y2bn
a Yalla Ya12= Ya21’ Ya22, Yabl, Yabz,
-, Yain =+, Yaon =+, Yabn
Yi. y..

Tabel C.1: General arrangement for two-way analysis of variance

In table C.1 and the effect model the following definition applies:
* vi.. denote the total of all obeservations underithdevel if factor A.
+ y ;. denote the total of all obeservations under ftielevel if factor B.
* vyij. denote the total of all obeservations in thth cell.
 y . denote the the grand total of all the observations.

The results from ANOVA is set up as in table C.2.

Source O.V.| SS DoF MS =) Contribution
A treatments| SS a-1 MSa = (f_si) Fo= % % = %
B treatments| S$ b-1 MSs = (Sj%l) Fo= e % =32
Interaction | SS | (a-1)(b-1)| MSse= qtogy | Fo= s | %= 38
Error S | ab(n-l) | M&= ﬁ
Total SS abn-1

Tabel C.2: Two-way analysis of variance

SSr, SS and S§ is found in equation C.5, C.6 and C.7.

a b y2 y2
SS = 2 = e
i jZlkZl % abn
13 Y
S$=pn 2%~ abn
12 Y’
%= an Z V) abn

SSgis found by the use dBSniotals €quation C.8, and found in equation C.9.
122 Y2
SSubtotals= ﬁ iZ\ JZIYﬁ ~ 2bn

SSE=S§-SSe—-SS-S3
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C.1. Residual analysis

The sum of squares errors is found in equation C.10

SSE = SS - SS;,ubtotaIs (C.lO)

Percentage contribution is found for in equation C.11.

Contribution, = %
Contributions = g2 (C.11)
ContributionAB= SS%.\EB

The main assumption when using ANOVA is that the erggsfollows a normal propability distribution.
Whith this assumption the relationstipin table C.2 follows a one-sided F distribution with the degrees
of freedom, a-1, b-a, (a-1)(b-a) and ab(n-1). The critical reggdhe upper tail of the F distribution, see
figure C.1.

0 Fa F
Figure C.1: One-sided F-test. (Johnston, 2012)

Foa > I:or,a—l,ab(n—l)
Fo > Fa p—1,a0(n—1) (C.12)
Foas > Fa (a—1)(b-1),ab(n-1)

The level of significance is chosen to be= 0.01. The lower the level of significance, the more the data
must diverge from the null hypotesis in order to reject it. More common ig aalue on 0.05, which
makes 0.01 a more coservative choice (Montgomery, 2005b). This ischesause it is known, that the
measured KW has a rather large variariegis evaluated as seen in equation C.12. If the calculBged
value for a control variable is larger than thg value, the K hypothesis can be rejected, which means,
that the control variable has a significant influence on the means.

The F-value is not available in tables in literature, but is found from (lohn2012).

C.1 Residual analysis

A residual analysis is made in order to check the adequacy of the modeksgsation C.13. It can be
seen, that the resisuals follows a normal probability distubrution. Be¢hagesiduals fit the tendency
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line very close, the models are good.
&ijk = Yijk — Yijk (C.13)

Probability plot for Normal distribution for ST vs CS top KW
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Figure C.2: Normal probability plot of the redisuals from the ST vs CSANOVA

Probability plot for Normal distribution for FP vs CS top KW
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Figure C.3: Normal probability plot of the redisuals from the FP vs CS £dpOVA
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Probability

Probability

Probability plot for Normal distribution for ST vs CS bottom KW
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Figure C.4: Normal probability plot of the redisuals from the ST vs CSdmtANOVA

Probability plot for Normal distribution for FP vs CS bottom KW
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Figure C.5: Normal probability plot of the redisuals from the FP vs CStoat ANOVA
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Dansk resumeé

Dette kandidatspeciale er lavet i samarbejde med den danske produkksomhed B&O.

Igennem rapporten bliver det undersggt i hvilket omfang laserisgdean erstatte en eksisterende pro-
ces brugt i forbindelse med at lave huller i en hgijtaler grill til biler, praati aluminium. Da B&O er
en virksomhed som seetter kvalitet hgjt i forbindelse med deres prodyidgites krav ud fra en hgjtaler
grill i forbindelse med at skaere huller med laser. | kravene indgar kvajisemmetrene; slagger, smelt-
ning af toppen af skeerefladen, den varmepavirkede zone (some tieseer defineret som farveaendring
i emnet hvori der arbejdes), snitfuge vidde, snitfuge vinkel og reddif huller.

Ud fra eksperimenter udfart med en 380 W Nd:YAG laser konkluderesdittensiteten i stralens
fokus omrade er afgarende for at kunne skeere i aluminium.

En 400 W single mode fiber laser bruges i forbindelse med at udfare &6slkaerings forsgg i alumini-
umsplader med 0,5, 0,7 og 1,0mm pladetykkelse. Ud fra resultater baselet3gdorsgg konkluderes
det, at det er muligt, at opna den gnskede skaerekvalitet, som er defiddra kvalitetsparametre.

Det konkluderes at effekten af aendring af kontrol variablene;lfpkakt og skeereshastighed har en
signifikant indflydelse pa kvalitetsparametrene snitfuge bredde og smitingel. Der observeres indi-
kationer pa at pladetykkelsen og stand-off distancen har indflydelsesp&aterne af forsggene. Der
analyseres ikke videre pa disse indikationer pa grund af tidsmangel ogeekikelig information fra
forsggene. Det er yderligere kompliceret, at konkludere pa, hvatiateindflydelse pa kvalitetspara-
metrene slagger og smeltning af toppen af skeerefladen. Arsagen til detteler anvendte interval for
indstillingerne for forsggene er for lille. Til gengaeld kan det konklugleteder ikke opstar farveaendring
i aluminiums emnerne som falge af laser skeeringsprocessen.

Det konkluderes at lasere af typen single mode fiber laser har et steritjale i forhold til at skeere
aluminiums emner i hgj kvalitet. Dette grunder i dens meget lille strile diameteradigekwi>. Trods
dette kan konklusionerne pa resultaterne ikke direkte overfares til B&@jmler grill. Dette skyldes
bl.a. at de opnaede resultater er pavirket af stgj og at der er arfeerfdtpladetykkelser til at kunne
forudsige om kvalitetsparametrene vil kunne overholdes i 2mm aluminiumerpl2dt vurderes derfor
at der skal laves flere forsag for at kunne svare pa dette.

Baseret pa de konklusioner og den know-how som er opnaet i detteatgprojekt opstilles anbefalin-

ger til B&O angaende det som man skal veere opmeerksom pa i forbindeddevaliteten af laserskarede
emner.
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