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Abstract 

This project aims to investigate the effect of varying different laser cutting 

parameters on the laser cut surface. The parameters that were varied were 

cutting speed, beam effect, gas pressure and focal point. The statistical method 

Design of Experiment was used to plan the experiments and two full factorial test 

plans were set up, one with argon as cooling and protective gas and one with 

nitrogen. Sheet metal consisting of the superalloy HAYNES ® 282 with a 

thickness of 2,54 mm was investigated. Samples from the material were cut with 

different laser cutting parameters according to the test plans. The samples were 

evaluated by measuring cracks, recast layer thickness, surface irregularity, burr 

height and distance to beam deflection point on the cut surface. The resulting 

data was inserted as responses into the statistical program Modde 10.1 for 

analysis. 

Modde 10.1 provided models of high significance for the responses of Recast 

layer, Tav; Recast layer, Tmax; Burrheight, max and Distance to deflection point for 

the argon series and Recast layer, Tav and Recast layer, Tmax for the nitrogen 

series. 

The results showed that both recast layer thickness and burr height decreases 

with increased values of cutting speed, gas pressure and focal point as well as 

decreased values of beam effect within the parameter window investigated. They 

also showed that distance to deflection point increased with increasing values of 

gas pressure and focal point and with decreased values of cutting speed and 

beam effect within the parameter window.  

The results also showed that for the samples cut with argon as cooling and 

assistant gas the parameters that affects the recast layer thickness the most are 

focal point and gas pressure, whereas for the nitrogen series it is gas pressure 

and beam effect. The parameter with greatest effect on burr height is the cutting 

speed and for the distance to deflection point it is focal point and gas pressure 

that have the greatest effect.  

When comparing the argon and the nitrogen series to each other it can be seen 

that the argon series generate less recast layer from the entry of the cut until 

between 60 – 80 % into the cut, after which the argon series bypasses the 

nitrogen series in amount of recast layer produced in the cutting process in the 

majority of the places measured. 
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Sammanfattning 

Projektet syftar till att undersöka effekten på den laserskurna ytan då 

laserskärningsparametrar varieras. Parametrarna som varierades var 

skärhastighet, lasereffekt, gastryck och fokalpunkt. Den statistiska metoden 

Design of Experiments användes för att planera experimenten. Två stycken 

fullskaligt faktoriella försöksplaner skapades, en med argon som skärgas och en 

med kväve som skärgas. Undersökningen gjordes på plåt bestående av 

superlegeringen HAYNES ® 282 med en tjocklek på 2,54 mm. Provbitar från 

materialet skars ut utifrån försöksplanerna med olika laserinställningar under 

skärprocessen. Provbitarna utvärderades genom att mäta sprickor, tjockleken på 

det omsmälta materialet, ytojämnheten, gradhöjden och avståndet till 

laserstrålens avböjningspunkt på den laserskurna ytan. Resultaten användes för 

analys i det statistiska programmet Modde 10.1.  

Modde 10.1 bidrog med modeller av hög signifikans för responserna Recast 

layer, Tav; Recast layer, Tmax; Burrheight, max and Distance to deflection point för 

argonserien och Recast layer, Tav och Recast layer, Tmax för kväveserien. 

Resultaten visar att både tjockleken på omsmält material och gradhöjden avtar 

med ökande värden på skärhastighet, gastryck och fokalpunkt samt minskande 

värden på lasereffekt inom det undersökta parameterfönstret. De visade också 

att till laserstrålens avböjningspunkt på den laserskurna ytan ökade med ökande 

värden på gastryck och fokalpunkt och med minskande värden på skärhastighet 

och lasereffekt inom parameterfönstret.  

Resultaten visade också att de parametrar som i störst utsträckning påverkar 

tjockleken på det omsmälta materialet för provbitarna i argonserien är 

fokalpunkt och gastryck, medan det för kväveserien är gastryck och lasereffekt. 

Parametern som har högst inverkar på gradhöjden är skärhastigheten, medan 

fokalpunkt och gastryck har störst effekt på avståndet till laserstrålens 

avböjningspunkt på den laserskurna ytan.  

Om kväveserien och argonserien jämförs med varandra kan det observeras att 

argonserien generellt genererar mindre omsmält material än kväveserien från 

det att laserstrålen träder in i materialet till dess att den är mellan 60 och 80 % 

in i snittet, vartefter argonserien går förbi kväveserien i mängd omsmält material 

på majoriteten av mätställen. 
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1 Introduction 

1.1 Presentation of GKN Aerospace Sweden AB 

GKN Aerospace is a part of GKN PLC, a British company with four divisions that 

can be traced back to the industrial revolution to the founding of a small 

ironworks in 1759. The small ironwork grew to become one of the giants in the 

British industry. The divisions of GKN PLC are GKN Aerospace, GKN Driveline, 

GKN Powder Metallurgy and GKN Land Systems. Today GKN Aerospace exists in 

15 countries at 61 different locations and employ over 17 000 people. The 

aerospace sector enjoys a broad customer base spanning over different sectors, 

including the commercial sector and the military sector. The three major product 

areas of the company are aero structures, 47 % of sales, engine products, 47 % of 

sales, and transparencies, included in the group of special products, representing 

6 % of sales. Out of GKN Aerospace product sales divided by geographic area, 61 

% is sold within Europe whereas 38 % is sold to North America. GKN Aerospace 

is in the forefront in many areas. They are for example one of the two leading 

independent suppliers of engine components and the leading independent 

supplier of composite structures (GKN Aerospace). 

1.2 Background  

This master thesis project has been carried out at the department of material and 

processes at GKN Aerospace Sweden AB in Trollhättan, which is responsible for 

all conventional and non-conventional machining operations where GKN 

Aerospace has the design responsibility. One of the non-conventional methods 

that are used is laser cutting, which can be a cost effective process that can cut 

complicated geometries. Even though laser cut surfaces in other industries do 

not usually require subsequent machining operations, GKN Aerospace, belonging 

to the aerospace industry, currently machine most of its laser cut surfaces in 

order to ensure that no heat altered material will jeopardize the quality of the cut 

part. These operations are very costly. In order to cut down on unnecessary 

subsequent machining of laser cut surfaces on aerospace parts, extensive 
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knowledge of how the process of laser cutting is affecting the materials as well as 

their life expectancy is needed. There are many factors that affect the outcome of 

the laser cut product, such as choice of cutting gas, material, gas pressure, focal 

point, cutting speed, beam power etc.  

In the aerospace market, failure of a component can lead to severe or even fatal 

accidents. Because of this, the requirements on the products are very high. 

Nothing that has not been thoroughly tested and evaluated can be used in 

production. It is therefore very important to have evidence and traceability that 

support every decision made during a process. Even if the process parameters 

used by another company in the same industry were known they would be 

unusable without the test data that supports the decision to use them. These test 

results are usually classified within the company that investigated them due to 

the huge amount of money that comes with testing and proving a method and/or 

material for a certain application. It was in the light of this that this master thesis 

project was conducted. 
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2 Theory  

2.1 Cutting by laser 

2.1.1 What is a laser  

The word LASER is an acronym of Light Amplification by Stimulated Emission of 

Radiation (Singh, Zheng, Guo, & Cai, 2012). Most lasers are constructed based on 

the same principles. The laser contains two mirrors, of which one is semi 

transparent. These are placed on each side of a tube containing a lasing medium, 

which can be a solid, a liquid or a gas, as long as the lasing medium amplifies the 

number of light waves travelling through it by the use of stimulated emission. An 

energy source used to pump the lasing medium is also needed (Singh, Zheng, 

Guo, & Cai, 2012). The basic components of a laser are illustrated in Figure 1. 

 

Figure 1: The basic components of a laser (KG, 2007). 

To create a laser beam, stimulated emission must occur. In the first step a photon 

of the right energy hits an atom which goes into an excited stage by letting one 

electron jump to a higher state of energy. When this electron later jumps back the 

atom emits a photon of the energy difference between the two electron states. 

This is called spontaneous emission. The emitted photon travels on and meets an 

already excited atom. If the photon has the exact right amount of energy it will 

stimulate the atom to go back to its original state emitting a photon of the exact 

same energy, frequency and phase position as the photon initiating the emission. 

This is called stimulated emission. The stimulated emission goes on and the 

photons increase in number exponentially. They are reflected  back and forth 

between the mirrors until the their number is large enough and they start 

coming through the semi transparent mirror as a laser beam of monochromatic, 



4 

coherent and aligned light (KG, 2007). The process of stimulated emission is 

shown in Figure 2 and Figure 3. 

 

Figure 2: Left: generation of excited atom. Middle: spontaneous emission of photon. Right: stimulated emission (KG, 2007). 

 

Figure 3: The principle of amplifying a laser beam by stimulated emission. All photons have the same phase state and frequency 

(KG, 2007). 

2.1.2 Laser cutting 

Laser cutting was introduced in the1970s and ever since, the popularity of the 

method has continued to rise as the market expands. The method of laser cutting 

is beneficial in many ways. It is a high speed process where subsequent 

manufacturing operations are not usually required. It is also a non contact 

process, which requires minimal constraining of the work piece. Due to a narrow 

kerf width (the width of the cut) with a general value between 0.1 and 1.0 mm, 

laser cutting can manufacture very fine and detailed parts (Dr Powell & Dr 

Kaplan, 2004). The narrow kerf also makes the separation of the cut pieces very 

exact. The laser cutting process has the beneficial property of being highly 

flexible in producing shapes and contours, leaving almost none that cannot be 

manufactured. In the process of laser cutting, the material nearest the cutting 

surface will be altered due to the subjection of extreme heat on the material. The 

altered material is called heat affected zone (HAZ) and goes to a certain depth in 

the material. Since the properties in the HAZ are different compared to the bulk 

material, it is in the best interest of the manufacturer to keep the HAZ down to a 

minimum. The high energy density of laser cutting and the fact that the 

pressurized gas blows away the molten material helps doing so.  
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The more heat the material of the workpiece experiences during the cutting 

process the more deformed it will be. A high energy density will keep this 

deformation down (KG, 2007). When laser cutting at high speeds the larger part 

of the energy exerted by the process is used to melt or vaporize the material 

generally leading to almost no heat conduction into the material (Steen, 2003). A 

disadvantage of laser cutting is that it can be complicated to cut reflective 

materials. A solution to this is to choose a laser cutting method that exhibits a 

small wavelength during cutting since this greatly enhances the possibility to cut 

reflective materials. A CO2 laser for instance exhibits relatively long wavelength 

which makes it a poor chose for cutting reflective materials (Thawari, Sarin 

Sundar, Sundararajan, & Joshi, 2005). Another thing to beware of when cutting 

by laser is that the rapid cooling of the recast layer exerted by the assistant gas 

can cause microcracking of the material, which in turn can lead to crack 

initiations. In the worst case scenario these cracks will proceed into the bulk 

material (Chien & Hou, 2006). 

2.1.2.1 Principle of laser cutting 

There are many kinds of lasers but generally they follow the same cutting 

procedure. A high energy, infrared laser beam is generated by a laser and focused 

on the workpiece by using a lens (Dr Powell & Dr Kaplan, 2004). This heats up 

the material to the extent of melting or evaporating and when the workpiece is 

fully penetrated the laser beam is moved along the material and a cut is produced 

(KG, 2007). The basic principles of a laser are presented in Figure 4. 

 
Figure 4: principles of the laser cutting process (KG, 2007). 
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The general laser set up can be used to cut in many different ways, such as 

vaporization cutting, fusion cutting, scribing and cold cutting. The method of 

cutting used in this thesis is fusion cutting, also referred to as melt and blow. In 

melt and blow cutting the laser beam melts the material of the workpiece and a 

pressurized jet stream blows the molten material away, resulting in that the 

material does not need to be heated to the point of boiling and vaporization as in 

vaporization cutting. This saves a lot of heating energy and fusion cutting 

requires only a tenth of the power required for vaporization cutting. When the 

laser beam has melted the material the pressurized gas blows the liquid metal 

away from the cut kerf. A huge benefit of this kind of laser cutting is that the HAZ 

is only a few micrometers deep into the material if the cut is well performed.  

The laser light hitting the surface of the workpiece is to a large extent absorbed 

by the material. The rest of the light is either reflected by the unmelted surface or 

passing right through the material. The laser-material interaction varies with 

cutting speed. At low speeds the molten material starts at the front of the laser 

beam resulting in that the larger part of the laser beam passes right through the 

material. There is a quite steep slope at which the beam absorption takes place. 

The rate at which the molten material leaves the workpiece is retarded at the 

bottom of the kerf with the consequence that the layer of molten material is 

thicker at the exit of the kerf. This is because of a decrease in both film tension 

and surface tension. A low pressure area is created further up the cut length 

when the gas stream blows away molten material, which can result in that dross 

is dragged back up into the kerf again. At higher cutting speeds the laser beam 

automatically couples better with the material and less light goes wasted through 

the kerf. The laser beam tends to travel ahead on the surface of the unmelted 

material. This increases the power density in the cut. The reason for this increase 

is due to the absence of a slope. The melt advances at a higher rate and is then 

swept down into the kerf. The marks that are left after the melt has proceeded 

down the kerf are called striations. The striations add to the surface roughness 

and are visible on the cut surface. Another feature of the cut that can occur is a 

visible, clear break in the striation flow lines on the cut surface. Why this break 

occurs is not fully understood (Steen, 2003). A cut surface that exhibits striations 

with a break in the flowlines at the exit of the cut is shown in Figure 5. The 
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interactions at the cutting front are shown in Figure 6. The formation of 

striations and dross are two major disadvantages of fusion cutting but the 

efficiency of the method as well as the lower energy consumption per volume 

material removed makes up for it in many cases (Kannatey-Asibu, 2009). 

 

Figure 5: A cut surface exhibiting striations with a break in the flowlines at the exit of the cut. The droplets below the cut surface 

are molten material that has flown down the surface and solidified as burrs. 

 

Figure 6: The interactions at the cutting front. 

2.1.2.2 Laser cutting of nickel based superalloys 

Strong, nickel based super alloys started taking form in the 1930´s and they have 

been improved over time ever since (Sims, 1984). Nickel based super alloys are 

generally hard to machine and laser assisted manufacturing (LAM) is often used 

on this group of alloys to bypass eventual problems with machining. The very 

commonly used superalloy 718 for example is difficult to machine due to rapid 

work hardening, chip segmentation resulting in large cyclical cutting forces and 
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because of its tendency to form built up edge by welding to the material of the 

tool. Because of this LAM, such as laser cutting, can be used (Garcia Navas, 

Arriola, Gonzalo, & Leunda, 2013). Due to the low reflectivity and thermal 

conductivity compared to aluminum and copper, nickel based materials are 

easier to cut by laser since, as previously stated, materials with lower reflectivity 

are easier to laser cut. Due to an exothermic reaction taking place, cutting with 

oxygen as assistant gas can improve the cutting speed, especially for nickel-iron 

based alloys such as alloy 718, although in this thesis project cutting with oxygen 

is not an option due to the extensive oxidation of the surface. A disadvantage of 

the austenitic nickel based superalloys when it comes to laser cutting is the high 

viscosity of molten nickel which leads to excessive dross formation sticking out 

at the lower surfaces of the cut, as opposed to ferritic and martensitic stainless 

steels that exhibit clean cuts with smooth edges. A great advantage of the nickel 

based superalloys is that they are relatively easy to processed and that they 

exhibit a very narrow HAZ if the cut is performed well. Unfortunately for the 

aerospace industry, with its harsh, and sometimes even aggressive, working 

environments, even these small metallurgical alterations can be enough to rule 

out the use of a certain alloy (Kannatey-Asibu, 2009). Laser cutting of nickel 

based superalloys unfortunately gives quiet a rough surface, the maximum 

roughness is approximately three times larger when cutting in alloy 718 than 

when cutting mild steel because of the high reactivity of some of the elements in 

the superalloy. Nickel, chromium and niobium are highly reactive elements, 

especially when cutting with oxygen as assistant gas since the oxidation reaction 

generates deeper grooves as well as increased peaks and valleys on the cut 

surface (Dong-Gyu & Kyung-Won, 2009). 

2.1.3 CO2 laser 

The CO2 laser is a gas laser. It is used for cutting, drilling and welding amongst 

other things (Singh, Zheng, Guo, & Cai, 2012).The active lasing medium in a CO2 is 

as the name implies carbon dioxide. The CO2 molecule is the one sending out the 

laser light. However, the gas mixture does not only contain CO2 molecules but 

also nitrogen, N2, and helium, He, that act as assistant gases and help in the lasing 

process (KG, 2007). Generally the fractions of CO2 and N2 molecules are equal 
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while the fraction of He molecules is higher than the other two, although the 

exact composition varies depending on type and application of the system (Singh, 

Zheng, Guo, & Cai, 2012). The lasing process in a CO2 laser starts with free 

electrons colliding with the nitrogen molecules that then become excited which 

results in vibration of the molecules. This extra energy is then given over to the 

CO2 molecules that go into the excited upper laser level. At this level all three of 

the atoms within the CO2 molecule vibrate. The CO2 molecule then goes down to 

the lower laser level and laser light is emitted. This emitted wavelength is 10.6 

micrometers, which is much longer than wavelengths by many other lasers. 

When the CO2 molecule finally goes down to its ground state again it emits heat 

in the process that is absorbed by the helium molecules which then help 

dissipating heat from the lasing chamber (KG, 2007). This process is described by 

Figure 7. 

1  

Figure 7: the lasing process of the CO2 laser (KG, 2007). 

2.1.3.1 Advantages and disadvantages with CO2 laser 

Major advantages with using a CO2 laser is that it has the best ratio of cost to watt 

and beam quality, compared to commercially available solid state lasers, excimer 

lasers and high power laser diode arrays (DeMaria & Hennessey, 2010). It can 

also cut a wide range of materials from polymers and wood to sheet metal (Dr 

Powell & Dr Kaplan, 2004). The long wavelength compared to other lasers comes 

with both advantages and disadvantages. On the positive side a longer 
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wavelength dramatically increases the output power. For a CO2 laser the output 

power can vary between a couple of watts to up to 60 kW or even higher. On the 

negative side a longer wavelength results in a bigger spot size, meaning that it is 

harder to produce really fine cuts although this problem is somewhat 

compensated by the high IR-radiation absorption of many materials. If the IR 

radiation absorption is high less energy goes wasted through the cut. The longer 

wavelength can also make it problematic to cut IR reflective materials because of 

the decreasing metal absorption of optical radiation with increasing wavelength 

(DeMaria & Hennessey, 2010). Apart from already mentioned advantages the CO2 

laser has a high cutting speed and is especially superior at cutting metal sheet 

with thicknesses above 5 mm, below which the fibre laser can cut even faster 

(Larcombe, 2013). It has an operating efficiency that can be as high as 30 %, even 

though an operational efficiency of 10-12 % is a more common efficiency range 

for CO2 lasers. The commercially existing CO2 lasers have an operational lifetime 

exceeding 20 000 hours (DeMaria & Hennessey, 2010). 

2.2 Influence of process parameters on the cut surface  

2.2.1 Gas pressure 

The gas pressure of the assistant gas has two major effects; it blows away molten 

material from the cut as well as cools the melt by forced induction. These two 

effects of the gas pressure contradict each other. A higher gas pressure can more 

effectively blow away melt from the laser cut thus minimizing the recast layer 

thickness. At the same time the higher pressure increases the forced induction 

which cools the melt more effectively resulting in an addition to the recast layer 

thickness (Chien & Hou, 2006). The pressure of the gas, and thereby the velocity 

it exhibits, flowing through the cut is crucial. The benefits of choosing an inert 

cutting gas are many. If a reactive gas, such as oxygen, is used, too high gas 

velocity will cause excessive side burning when, if using an inert gas, a high gas 

pressure will only be beneficial. By using an inert gas the formation of oxides can 

be avoided and it has a lower tendency to produce striations and dross on the cut 

surface (Steen, 2003). 
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Chien and Hou have shown in their investigation of the recast layer during trepan 

drilling of alloy 718 that an increased gas pressure decreases the recast layer 

thickness up to a certain point where it starts to increase again. This is illustrated 

in Figure 8. 

 

Figure 8: Variation of recast layer thickness in relation to the assistant gas pressure (Chien & Hou, 2006). 

In a study of the CO2 laser cut quality of alloy 718 Hascalik and Ay have 

investigated the influence of cutting parameters on the recast layer thickness and 

surface roughness. The influence of the gas pressure is presented in Figure 9, 

clearly indicating that in both cases a high gas pressure is beneficial for a clean 

cut. They found that gas pressure was the third most important thing, after laser 

power and cutting speed, when it came to keeping recast layer thickness to a 

minimum. 

 

Figure 9: Influence of gas pressure on recast layer thickness and surface roughness (Hascalik & Ay, 2012). 

2.2.2 Cutting speed 

The cutting speed is an important parameter that affects the quality of the laser 

cut greatly. The HAZ is decreased with increasing cutting speed due to that the 

heat does not have time to dissipate into the material of the workpiece. Hascalik 

and Ay have noted in their study that the laser cut surfaces of their samples 

consisted of two zones; the upper zone, starting at the entry side and continuing 

to a specific depth, and the lower zone, starting where the first zone ends and 
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continues down to the exit of the cut. The upper zone exhibit smooth and parallel 

striations whereas the lower zone shows striation of a much more irregular 

manner. They have shown in their study that the striation density increases 

slightly with increased cutting speed and that the depth from the top on the 

surface at which the first region ends and the second starts is decreased with 

increasing cutting speed. An example of this is shown in Figure 10 for illustration. 

 

Figure 10: The variation of the depth at which the breaking point between the zones occurs depending on the cutting speed 

(Hascalik & Ay, 2012). 

Hacalik and Ay have in their study investigated the effects of cutting speed on 

recast layer and surface roughness. The recast layer thickness decreases with 

increasing cutting speed. This is due to the higher feed rate resulting in lower 

heat conduction of the material and thereby less influence by heat. As the feed 

rate and cutting speed is increased the surface roughness will decrease, due to 

the lower power density the material has to endure. Less material will melt and 

create hills and valleys on the cut surface. The influence of the cutting speed on 

the parameters discussed is illustrated in Figure 11. 

 

Figure 11: Influence of cutting speed on recast layer thickness and surface roughness (Hascalik & Ay, 2012). 

2.2.3 Beam power 

It is usually economically beneficial to cut at higher speeds and sometimes there 

is need to cut at greater depth. One way to be able to do this could be to increase 

laser power during the cutting, which results in a higher power density in the 
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material. Downsides with increased laser power could be side burns, rounded 

corners or an increased cut width (Steen, 2003). Hacalik and Ay have in their 

report stated that beam power is the most efficient factor regarding recast layer 

thickness. Higher beam power will result in a thicker recast layer due to the 

increased power density. Higher beam power will also result in an excessive 

amount of molten material on the cut surface which leads to overlapping peak 

striations that will in turn lead to a worsened cut quality in terms of surface 

roughness. The influence of the cutting speed on the recast layer thickness and 

the surface roughness is illustrated in Figure 12. 

 
Figure 12: Influence of beam power on recast layer thickness and surface roughness (Hascalik & Ay, 2012). 

2.2.4 Focal position  

The intensity of the laser beam is determined by the spot size and by extension 

the focal position. The shorter the focal length is, the smaller the spot size and the 

higher the intensity becomes. Above and below the focus point the beam 

diverges. How much it diverges is described by the depth of focus, with a small 

spot size resulting in a shorter depth of focus. For thinner sheets of metal a 

shorter focal length is favourable because of the shorter depth of focus and 

higher beam intensity. For a thicker material the depth of focus is too narrow to 

cover the entire thickness of the sheet and a longer focal length must be chosen. 

Depending on how energy is absorbed by the surface, the most favourable 

cutting result may be achieved by having the focus point below the top surface. It 

is hard to achieve good quality when performing deeper cuts due to the diversity 

of the beam leading to multiple reflections (Steen, 2003). 
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3  Purpose 

The purpose of this project is to evaluate how different laser cutting parameters 

affect the superalloy HAYNES ® 282 as well as to find out which parameters have 

the greatest effect on the cut surface. This will help GKN Aerospace to get a better 

understanding of the process and will be a part of the long term goal of 

decreasing subsequent machining of laser cut surfaces and by extension, by 

choosing a good set of cutting parameters, being able to weld directly in the cut 

surface without any post processing. 

4 Goal  

The goal of the project is to evaluate the effect of different laser cutting 

parameters on HAYNES ® 282 and to create a parameter window by using 

design of experiment (DOE) for laser cutting in HAYNES ® 282 with 

consideration to structure, properties and processing to identify potential 

parameter settings for future work.  

5 Problem definition 

 How do the process variables affect the cut surface within the chosen 

parameter window? 

 Which process variables have the greatest impact on the cut surface in 

relation to the chosen responses? 

 How do the different cutting gases, argon and nitrogen, affect the 

responses compared to each other? 
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6 Scope 

This thesis includes: 

 A literature study of the material and processes used. 

 Laser cutting of test samples according to test plan. 

 Sample preparation involving cutting, mounting, grinding, polishing and 

etching. 

 Evaluation in light optical microscope and stereo microscope of the laser 

cut parts by measuring of 

o Recast layer 

o Surface irregularity 

o Cracks in recast layer  

o Cracks in parent material 

o Burr height 

o Distance to beam deflection point on cut surface. 

 Evaluation of the results in Modde 10.1 

 Discussion 

 Conclusion  

7 Prerequisite 

The prerequisites that are the base of the thesis project are: 

 Test plan construction for cutting was already made by GKN Aerospace. 

 The process variables were chosen by GKN Aerospace. 

 The material of the metal sheet was HAYNES ® 282 with AMS 5951. 

 The thickness of the metal sheet was 2,54 mm. 

 Laser cutting of the samples was performed at Jobro Sheet Metal 

Thechnology AB. 

 The cutting was performed with both argon and nitrogen as assistant gas. 
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8 Method and materials  

8.1 Super alloys 

Sims, Stoloff and Hagel write in their book Superalloys II that a super alloy is “an 

alloy developed for high temperature service” and that it is used “where relatively 

severe mechanical stressing is encountered, and where high surface stability is 

frequently required” (Sims, Stoloff, & Hagel, 1987). 

In the 1930´s higher demands were put on the gas turbines driving jet engines. 

To be able to increase the drag force on the turbines they had to operate at 

higher temperatures. This resulted in increased demands on the construction 

materials and their ability to withstand creep at increased strains and high 

temperatures. With these new requirements strong nickel and iron based alloys 

containing chromium and γ’ were created and the material group today called 

superalloys started to take form. Even though the development of superalloys 

started as early as the 1930´s it would be until the years of the 1950´s and the 

1960´s until the superalloys flourished and the evolution exploded. The higher 

demands on material properties were the main driving forces that lead to the 

creation of the new materials (Sims, 1984). 

Normally superalloys are divided into three groups: 

 Nickel based superalloys 

o Nickel-iron based superalloys 

 Iron based superalloys 

 Cobalt based superalloys  

Superalloys are mainly used in the aero engine and gas turbine industry. They 

are generally used at a temperature above 550 °C and often in oxidizing and 

corroding environments. Different alloy bases can be given different properties 

through solution strengthening and precipitation hardening. The nickel based 

superalloys are the ones most frequently used in highly stressed environments 

since they are the alloy group with the best hardening abilities (Wikström, 

2003).The material in focus in this master thesis project belongs to the group of 

nickel based superalloys and is described below. 
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8.2 HAYNES ® 282 

HAYNES ® 282 is a fairly new alloy introduced as late as 2005 (Reed, o.a., 2008). 

It is an age-hardenable, nickel-based superalloy with an FCC γ matrix consisting 

of austenite (Andersson, o.a., 2013), (Reed, o.a., 2008). Strain age cracking is 

generally a problem for γ’ strengthened alloys and HAYNES ® 282 was 

specifically developed to have improved properties with regard to strain age 

cracking (International, 2005). The nickel in itself does not display particularly 

high modulus of elasticity or diffusivity but the high tolerance for alloying 

without phase instability, amongst other things, makes some nickel-based alloys 

possible to use for as high temperatures as 0.9TM (Sims, Stoloff, & Hagel, 1987). 

In the future, because of for example increasing environmental demands, the 

aeroengine service temperatures have to increase. The very popular, nickel-iron 

based alloy 718 is not an alternative above 650 °C due to overaging of the alloy. 

HAYNES ® 282 on the other hand can be used for temperatures ranging between 

649 to 927 °C where it has excellent creep strength (Reed, o.a., 2008). The 

chemical composition used at GKN Aerospace is presented in Table 1 

Table 1: Alloying composition of HAYNES ® 282 used at GKN Aerospace. 

Element Min Max Element Min Max 

Carbon 0.04 0.08 Niobium -- 0.2 

Manganese -- 0.3 Titanium 1.90 2.30 

Silicon -- 0.15 Tantalum -- 0.1 

Phosphorus -- 0.015 Aluminum 1.38 1.65 

Sulphur -- 0.015 Boron 0.003 0.010 

Chromium 18.5 20.5 Iron -- 1.5 

Cobalt 9.0 11.0 Copper -- 0.1 

Molybdenum 8.0 9.0 Zirconium -- 0.020 

Tungsten -- 0.5 Nickel Iron reminder  

Pictures of the microstructure of HAYNES ® 282 are shown in Figure 13 and 

Figure 14. Extended material on HAYNES ® 282 can be found in Appendix 1. 
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Figure 13: Microstructure of etched HAYNES ® 282 cut with argon as assistant gas.  

 
Figure 14: Microstructure of etched HAYNES ® 282 cut with nitrogen as assistant gas. 

8.3 Design of experiment 

The experimental set up off the samples was created by Modde 10.1. Modde 10.1 

uses design of experiment (DOE), which results in a set of experiments in which 

all the parameters are varied at the same time in a controlled manner instead of 

using the one factor at a time approach. In this way the number of tests that has 

to be run is drastically decreased but is still chosen in a rational and controlled 

manner. Based on the minimum and maximum values chosen for the parameters, 

Modde 10.1 chooses the extreme points to be run as tests. In this way more 

precise information will be achieved in fewer test runs. DOE is used for three 

primary experimental objectives: 

  



19 

 Screening – which factors are important and what are their appropriate 

ranges? 

 Optimization – what is the optimal factor settings? 

 Robustness testing – how sensitive are the results to small changes in the 

factors? 

This thesis project has utilized DOE for the purpose of screening to determine 

which factors are the most important ones and within which ranges they should 

be kept to achieve optimized results within the parameter window.  

In Modde 10.1 the process parameters are called factors and will hereinafter be 

treated as the same thing. A high and a low value were chosen for the four 

process parameters. Four parameters with two values resulted in 16 tests per 

test plan according to Equation 1. One test plan includes one material being cut 

with one assistant gas. 

𝑛𝑝 = 𝑡 →  24 = 16          (1) 

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑎𝑙𝑢𝑒𝑠 (𝑎 ℎ𝑖𝑔ℎ 𝑎𝑛𝑑 𝑎 𝑙𝑜𝑤 𝑣𝑎𝑙𝑢𝑒) 

𝑝 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟𝑠 

𝑡 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑟𝑢𝑛𝑠 

Additionally three test runs were added to each test plan with parameter settings 

identical to each other and intermediately placed between the high and the low 

parameter values. These are called replicates. This resulted in 19 test runs per 

test plan. Having one material and two assistant gases resulted in two test plans, 

leaving a total number of test runs at 38. The test plans are attached in Appendix 

2. 

8.4 Experimental parameters 

The process parameters chosen for evaluation were chosen by GKN Aerospace 

before the project initiation and were therefore a prerequisite to the thesis 

project. The variable process parameters and their values can be found in the test 

plans in Appendix 2. The fixed process parameters and their values are 

presented in Appendix 6. The material was cut with both Argon and Nitrogen as 

assistant gases. 
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8.5 Laser cutting 

The experiments were carried out at Jobro Sheet Metal Thechnology AB. The 

machine used was a 2D Laser Prima Zaphiro 4.0 kW with a working area of 

3000*1500 mm. The conditions under which the material was cut are shown in 

Appendix 2 and 6. 

8.6 Sample preparation 

All samples were prepared in accordance with the standard of VOLS: 10188499 

All samples were vibro peened before cutting so that the same side of all samples 

would be used in the evaluation. A drawing of the sample geometry and which 

parts were cut out for mounting is shown in Figure 15, were L stands for 

longitudinal section and T stands for transversal section. The longitudinal section 

is equivalent to the feed direction and the transversal section is equivalent to the 

laser beam direction, illustrated in Figure 16. The machines used for cutting the 

samples prior to mounting are presented in Table 2. 

 
Figure 15: Illustration showing the sample geometry and how the samples were cut for mounting. 

 
Figure 16: Illustration of longitudinal and transversal cutting sections  

https://teamplace.gaes.gknaerospace.com/sites/thegknmachiningwayexternal/Shared%20Documents/Exjobb/Laser%20Cutting%20IN718%20and%20H282/Laserspecar/VOLS10188499_000_01.pdf
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Table 2: The cutting machines used during sample preparation. 

Machine number Manufacturer Name 

2204104 JOME Brillant 200 

2204110 Struers Secotom - 50 

The cut surfaces were roughly ground to get rid of irregularities and scrap metal 

from the cutting that could detach during subsequent handling of the pieces. The 

laser cut surfaces marked with dots in Figure 15 were not grinded at all thus 

leaving the burr still attached to the samples. The cut out pieces were placed in 

the mounting machine according to the drawing of Figure 17. The machine used 

for mounting was a Simplimet® 1000 automatic mounting press made by Buehler 

with machine number 2230110 and the machine settings used are shown in 

Table 3. An example of a finished mount is shown in Figure 18, which 

corresponds to the drawing in Figure 17 b). 

 

Figure 17:a) showing placement drawing of how the pieces should be placed in the mounting machine viewed from the top and b) 
placement drawing of how the pieces should be placed in the mounting machine viewed from the bottom. 

 

Figure 18: Example of finished mount, illustrating how the pieces are placed in the mounting machine. The picture corresponds 

to the drawing of Figure 17 b). 
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Table 3: Settings used for the mounting machine. 

Heat time  2 min 

Heating temperature 180°C 

Cool time 4 min 

Pressure 290 bar 

When the mounts were ready they were marked and sent away for mechanical 

polishing. The polishing was done according to a specific polishing program 

attached in Appendix 4 so that they would all be polished in the same way. The 

machine used for polishing was a Hexamatic manufactured by Struers with 

machine number 5540913.  

Since some features on the surface risk being harder to identify after etching, the 

mounts were quickly looked over in search for cracks in light optical microscope 

before etching. Etching was done electrolytically by applying voltage and oxalic 

acid during a specific time. The parameters of the etching are given in Table 4. 

Table 4: etching parameters 

Etchant Oxalic 

Voltage 4 V 

Time 7 sec 

8.7 Sample evaluation 

Evaluation of a laser beam machined surface at GKN Aerospace shall be 

performed in accordance to the standard of VOLS: 10188499.  

8.7.1 Recast layer thickness 

The recast layer thickness was measured in light optical microscope at 500 times 

magnification. The term recast layer includes, in this master thesis project, both 

the remelted material and the HAZ. The transversal sections were measured at 6 

measuring points evenly spread out over the section length. The first measuring 
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point was always placed on the entry side for the laser beam and the last 

measuring point on the exit side for the laser beam. The longitudinal section was 

measured at 20 measuring points evenly spread out over the cut. Figure 19 

shows were the measuring points were placed. From these values an average and 

a maximum value of the recast layer in transversal and longitudinal section per 

mount were calculated as input in Modde 10.1 for analysis. Figure 20 shows how 

the measuring was performed. 

 

Figure 19: Illustrating the placement of the measuring points for the recast layer and surface irregularity for the transversal and 

the longitudinal sections. 

 

Figure 20: Illustrating how recast layer thickness was measured. 

8.7.2 Surface irregularities 

The surface irregularity was measured in light optical microscope at 500 times 

magnification. The transversal sections were measured at 6 measuring points 

evenly spread out over the section length. The first measurement point was 

always placed on the entry side for the laser beam and the last measuring on the 

exit side for the laser beam. The longitudinal section was measured at 20 

measuring points evenly spread out over the section. Figure 19 shows were the 

measuring points were placed. From these values an average value and a 
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maximum value of the surface irregularity in transversal and longitudinal 

sections per mount were calculated as input in Modde 10.1 for analysis. Figure 

21 shows how the measuring was performed. 

 

Figure 21: Illustrating how surface irregularity measurements were carried out. 

8.7.3 Cracks  

The light optical microscope was used to search for cracks in transversal and 

longitudinal section in both parent material and recast layer at 500 times 

magnification. 

8.7.4 Burrs 

Burr refers to the excess material sticking out at the exit end of the cut. Burr is 

sometimes referred to as dross and in this master thesis project dross and burr 

are considered the same thing. The maximum burr height was measured in the 

stereo microscope at 10 times magnification and inserted into Modde 10.1. 

Figure 22 illustrates how the measuring was performed. 

 



25 

 
Figure 22: Illustrating how burr height measurements were carried out. 

8.7.5 Distance to laser beam deflection point on cut surface 

The distance to the laser beam deflection point is defined as the distance from 

the surface of the entry of the laser beam to the line on the cut surface where the 

striations changes directions from the original one, as illustrated in Figure 23. 

These values were noted as input into Modde 10.1. 

 

 
Figure 23: Illustrating the measuring of the distance to laser beam deflection point on the cut surface. 
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9 Modde10.1  

Modde 10.1 is a statistical optimization software created by Umetrics. The data 

collected as described in method was organized as to be inserted into Modde 

10.1. A feature chosen for evaluation in Modde 10.1 is called response. The 

chosen responses are explained in chapter 8.7 and presented in Table 5. What 

Modde does is to evaluate the data inserted into the program, in this case the 

experimental results, and presents a model which can be used to predict the 

behaviour of future experiments within the chosen parameter space. The model 

produced can exhibit high or low significance. The higher the significance the 

more trustworthy is rhe model. If the model exhibit high significance or not 

depends on the inserted data and can be analyzed from a number of parameter 

values, plots and graphs. It is therefore not a certainty that all of the chosen and 

measured responses will result in models of high significance. Some of the 

responses may only be used as indicative responses, meaning that they can be 

used as pointers of direction in future experiments, and some responses may 

even be non applicable. The basic tools to evaluate the significance of a model are 

presented below. 

Table 5: responses inserted in Modde 10.1 

Responses 

Recast layer, Taverage  Recast layer, Laverage  

Recast layer, Tmax Recast layer, Lmax 

Surface irregularity, Taverage Surface irregularity, Laverage 

Surface irregularity, Tmax Surface irregularity, Lmax 

Burr height, max Distance to deflection point 

 

  



27 

When analyzing results in Modde 10.1 a Summary of fit plot containing four 

output parameters of importance is taken into consideration. For all of these 

parameters a value of 1 is considered perfection. An example of the Summary of 

fit plot is illustrated in Figure 24. The definitions of the parameters presented in 

a Summary of fit plot are given as follows: 

 R2: the value of R2 indicates how well the model fits the generated data. This 

value should be over 0.6 to give a useful model. A value below 0.5 indicates 

that only 50 % of the variation is explained by the model and is considered a 

model of low significance. 

 Q2: the value of Q2 indicates the future prediction possibility, i.e. how well 

the model can predict variation in new data. This value should be over 0.5 for 

a good model and it should be 𝑄2 > 𝑅2 − 0,2.  

 Model validity: this is a test of diverse model problems and the value gives an 

indication of the validity of the model. If the value is below 0.25 it signifies 

that the model error is not in the same range as the true error which indicates 

significant problems in the model. These problems could be outliers, an 

incorrect model or a problem with transformation. 

 Reproducibility: this value shows the variation of the replicates compared to 

the overall variability of the test. The wanted value should be greater than 0.5.  

 

Figure 24: Summary of fit - plot 
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Replicate plots were produced for all of the responses. An example of a replicate 

is given in Figure 25. The blue squares are representing the replicates cut under 

identical conditions and the green circles are representing the rest of the samples 

in the test. The variability range of the replicates should be much narrower than 

the range of the overall variability to generate a high reproducibility value and 

thereby a good modelling option. A high reproducibility value states that the 

process is stable if it is repeated under the same conditions. 

 

Figure 25: A replicate plot of the recast layer in the argon series, showing average value of the transversal sections. 

Histograms for all of the responses were produced from Modde 10.1. The 

statistical model will be better if the results represent a normal distribution. 

Transformations may be used to make the distribution appear more like a typical 

normal distribution. When trying different transformations the histograms were 

simultaneously compared to the Summary of fit plot to see how the parameter 

values in it changed with the transformations of data. When a good 

transformation was found, the values of the parameters R2, Q2, model validity 

and reproducibility were improved. An example of the distribution is presented 

in Figure 26. 
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Figure 26: a histogram showing the distribution of the generated data. 

To continue the optimization of the model a Coefficients plot, illustrated in Figure 

27, was produced for each response. The plot presents regression coefficients 

relating to scaled and centred parameters with a confidence interval of 95 %. The 

R2 and Q2 value is a good indication for the tuning of the model and should be 

optimized for the best model fit and prediction ability. By excluding parameters 

and interactions between parameters that exhibit a low significance, the model 

can be recalculated and Q2 and R2 improved. The Coefficient plots show which 

factors and interactions of factors that affect the cut quality of the surface for the 

specific responses chosen. If the black bars in Figure 27 cross over the zero line it 

means that the noise is larger than the variation of the process. The size of the 

bars illustrates the relative importance of the factors or interactions on the 

specific response, with a taller bar indicating a larger effect. The direction in 

which they are placed relative to the zero line indicates in which direction the 

responses are affected in case of an increase of the factor or interaction. If the bar 

is placed below the zero line, as the utter most left bar in Figure 27, it means that 

the response will decrease with increasing speed whereas if it is placed above the 

zero line the response will increase if the factor increases.  
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Figure 27: Coefficients plot 

The Effects plot, presented in Figure 28, illustrates which factors or interaction of 

factors that have the greatest influence on a specific response. The factor with 

the highest influence is located to the far left in the effect plots, with decreasing 

importance to the right. Whether the bar is located below or above the zero line 

tells how the response react to an increase of the factor as explained for the 

Coefficients plot.  

 
Figure 28: Effects plot 
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10 Result 

This chapter presents the results of the two sets of experiments conducted 

during this master thesis project. The full worksheets with all the values from the 

experiments are shown in Appendix 5.  

No cracks were found in either the parent material or in the recast layer, either 

before or after etching of the samples, for neither the argon series nor the 

nitrogen series. 

The measured values for the recast layer, the surface irregularities, the burr 

height and for the distance to deflection point are called raw data and are 

presented in Appendix 7 for the argon series and in Appendix 8 for the nitrogen 

series. 

10.1 Argon series  

The replicate plots, based on the raw data, for the argon series are presented in 

Figure 29.  

As can be seen in the figure the Recast layer, Tav and Distance to deflection point-

responses show a small variation in the repeated experiments compared to the 

overall variation, as opposed to the Surface irregularity, Tav; Surface irregularity, 

Tmax and Surface irregularity, Lav -responses where the variation of the 

repeated experiments is almost as large as the overall variation.  
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Figure 29: Showing the replicate plots for the argon series. 

Figure 30 shows the Observed vs. Predicted plots. These plots illustrate how 

well the observed data (green dots) correlates with the values the model 

predicted (black line). Looking at the Recast layer, Tav, Recast layer, Tmax and 

Distance to deflection point- responses it can be seen that the dots lie close by 

the line, indicating that the prediction of data is good. The graphs of the Recast 
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layer, Lav, Recast layer, Lmax and Surface irregularity, Lav responses on the 

other hand show a different behaviour where the dots do not follow the line 

nearly as well but lay scattered around it.  

 

Figure 30: Showing Observed vs. Predicted plots for the argon series. 
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10.2 Nitrogen series  

The replicate plots, based on the raw data, for the nitrogen series are presented 

in Figure 31.  

As can be seen in the figure the variation for the repeated experiments is 

generally much less than the overall variation. Observed vs. Predicted plots are 

presented in Figure 32. As seen for the responses of recast layer, Tav, Recast 

layer, Tmax and Burrheight, max the green dots lie along the prediction line, 

indicating a model of high significance, whereas for example for the responses of 

surface irregularity, Tav and  Surface irregularity, Lav the dots are scattered 

farther away from the line.  
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Figure 31: Replicate plots for the nitrogen series. 
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Figure 32: Showing Observed vs. Predicted plots for the nitrogen series. 
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11 Discussion 

11.1 Argon series 

By looking at the results in Figure 29 and Figure 30 it can be seen that the 

responses of Recast layer, Tav and Distance to deflection point from Figure 29 and 

the responses of Recast layer, Tav; Recast layer, Tmax; Burrheight, max and 

Distance to deflection point in Figure 30 exhibit promising behaviour for models 

of high significance.  

The responses of Surface irregularity, Tav; Surface irregularity, Tmax and Surface 

irregularity, Lav from Figure 29 and the responses of Recast layer, Lav, Recast 

layer, Lmax and Surface irregularity, Lav from Figure 30 show typical behaviour 

of models with low significance.  

By the help of Modde 10.1 a Summary of fit plot, presented in Figure 33 was 

constructed. By studying the plot it can be seen that four of the responses have 

models of high enough significance that they can be used for prediction in new 

experiments. These are recast layer, Tav; recast layer, Tmax; Burr height, max and 

Distance to deflection point. They all show R2 values above 0.75 and Q2 values 

above 0.6 and they have a sufficiently high model validity value and 

reproducibility value. The reproducibility value of the burr height is somewhat 

lower than for the other two but still above the limit of 0.5. This is fairly expected 

seeing that these four responses looked promising in one or both of the 

Replicates plots and the Observed vs. Predicted plots, illustrated in Figure 29 and 

Figure 30. Two of the responses, Surface irregularity, Tav and Surface 

irregularity, Tmax, do not have high enough parameter values to be considered to 

have models of high significance, but they are good enough to be considered 

indicative, as explained in chapter 9. The rest show such bad values that the 

models must be deemed to be not applicable. Surface irregularity, Lav is one of 

the responses belonging to this group. By looking at Figure 33 it can be seen that 

the parameter values for this response are low, with R2 just under 0,5 and Q2 at  

-0,2. The model validity is somewhat higher at 0,76 but the reproducibility value 

is as low as 0,39.  
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Figure 34 shows Coefficient plots for the four responses with models of high 

significance. The importance of the individual factors or the interaction of such, 

and in which direction they affect the response is given by the Effects plots 

illustrated in Figure 35.  

 

Figure 33: Summary of fit plot for the argon series. Every response is described by four staples representing the four parameters 

described in Method. The ten responses from the left are: recast layer, Tav; recast layer, Tmax; recast layer; Lav; recast layer, 

Lmax; surface irregularity, Tav; surface irregularity, Tmax; surface irregularity, Lav; surface irregularity, Lmax; burr height; 

distance to deflection.  

 

 
Figure 34: Showing the coefficient plots for the argon series. 
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Figure 35: The effects plots for the argon series shows which factors or interactions of factors that have the greatest effect on the 

responses and in which direction they affect them. 

Figure 36 and Figure 37 illustrate a selection of the response contour plots. The 

rest of the plots can be found in Appendix 3. The response contour plots show 

the nominal values predicted from chosen set values, without the scatter.  

Figure 36: A selection of contour plots showing the responses reaction to changing the factors focal point and gas pressure for the 

argon series. 
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Figure 37: A selection of contour plots showing the responses reaction to changing the factors cutting speed and beam effect for 

the argon series. 

11.1.1 Recast layer and burrs 

It can be seen in the response contour plots in Figure 36 and Figure 37 that both 

the recast layer thickness and the burr height decreases with increasing values of 

cutting speed, gas pressure and focal point and with decreasing values of beam 

effect within the parameter window. This means that both recast layer and burr 

height react similarly to all four factors. For both recast layer thickness and burr 

height a decrease is the preferred direction of the response since little recast 

layer and burr will generate a finer surface with less demands in post processing 

of the cut surfaces. This indicates that the colder the process, the less recast layer 

and burr will be produced. High cutting speed and low beam effect decreases the 

energy density and a high gas pressure increases the forced induction, all of 

which contributes to a colder process. Figure 36 and Figure 37 both indicate that 

a high focal point value will give less recast layer and burr. Since a cold process 

seems to be preferable when little recast layer and burr are required it can be 

assumed that a high focal point setting will contribute to a colder process. When 

studying the recast layer thickness, Figure 35 shows that the gas pressure and 

focal point are the two factors that affect the most, followed by cutting speed, 
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beam effect and an interaction containing focal point for both Recast layer, Tav 

and Recast layer, Tmax. The laser beam has its highest energy density at the focal 

point, before and after which the beam diverges. Since the gas is blown onto the 

cut from the top, the cooling effect is greatest at the top surface, below which it 

decreases throughout the cut. By having the focal point high in the material, the 

highest generation of melt will be located high up in the cut where the cooling 

effect is greater and thereby decreasing the melt produced in the cutting process. 

This would result in less recast layer when the focal point is set high. When 

studying the burr height, Figure 35 shows that speed is singlehandedly the most 

important factor affecting it, followed by beam effect, gas pressure, focal point 

and an interaction between cutting speed and focal point, the last four at 

approximately the same level of importance. The higher the cutting speed, the 

smaller the energy density in the cut. There will be less melt produced, ultimately 

resulting in a decreased burr height. 

11.1.2 Distance to deflection point 

For the distance to deflection point response a maximized value is preferred. The 

best case scenario would be if the laser beam did not deflect at all during the cut, 

thus creating a smoother, more geometrically uniform surface. When there is a 

beam deflection on the cut surface it could be an indication to that the laser beam 

does not keep up with the process, which in turn can potentially cause problems 

with for example cutting corners. By keeping a low cutting speed the laser beam 

has a higher possibility of keeping up with the process. In order to maximize the 

distance to the deflection point; cutting speed and beam effect should be set low 

and the gas pressure and focal point should be maximized within the chosen 

parameter window. When studying influence of the distance to the deflection 

point on the cut surface it can be noted from Figure 37 that the cutting speed has 

a very slight effect on the distance to the deflection point within the chosen 

parameter window. This can be seen by looking at the very shallow slopes in the 

figure. The beam effect also has a very slight influence on the distance to the 

deflection point. This can be seen by the very slight change in the distance to 

deflection point, about 0,05 mm, throughout the entire interval of beam effect 

within the parameter window, as shown in Figure 37. This is confirmed by Figure 
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35 which shows that both cutting speed and beam effect has the least influence 

on the distance to the deflection point. Figure 35 also shows that the two most 

important parameters are focal point position and gas pressure followed by an 

interaction of gas pressure and cutting speed, which with increasing values will 

lead to an increased distance to the deflection point. If the gas pressure is 

maximized it should be easier for the laser beam to keep up with the process 

which is why an increased gas pressure will lead to an increased distance to the 

deflection point.  

11.1.3 Concluding discussion - Argon series 

The results of the argon series have been compiled into Table 6. The table gives 

information on which direction the responses move when increasing the values 

of the factors, which direction is the desired one for each response and the 

parameter values on each response from the Summary of fit plot in Figure 33. It 

also gives information on which responses that support models of high 

significance (black arrows), which that only works as indicative models (blue 

arrows) and which responses that has such bad models that they are deemed not 

applicable (N/A). 
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Table 6: Compilation of results for the Argon series. 
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As can be seen in Table 6 increased cutting speed will decrease Recast layer, Tav; 

Recast layer, Tmax; Burrheight, max and Distance to deflection point, which is the 

desired direction of response for all responses except for distance to deflection 

point, for which the cutting speed needs to be minimized in order to maximize 

the distance. Depending on the application of the cut pieces a trade off must be 

made regarding cutting speed. The two indicative models, Surface irregularity, 

Tav and Surface irregularity, Tmax, point in the same direction as the models of 

high significance. This is in agreement with Hascalik and Ay´s result in Figure 11, 

where it can be seen that increasing the cutting speed will contribute to a 

decrease of recast layer thickness and surface irregularity. 

A maximized gas pressure will generate a decrease in Recast layer, Tav; Recast 

layer, Tmax and Burrheight, max and an increase in Distance to deflection point, 

all of which are the desired directions of response. One of the indicative models, 

Surface irregularity, Tav, which also exhibit the higher R2 and Q2 values oh the 

two, point in the same direction as the other models. This is in agreement with 

Hascalik and Ay´s result in Figure 9 where it can be seen that increasing gas 

pressure will contribute to decreasing recast layer thickness as well as surface 

irregularity.  

An increase in beam effect generates an increase in Recast layer, Tav; Recast 

layer, Tmax; Burrheight, max and a decrease of Distance to deflection point, all of 

which are the opposite of the desired directions of response indicating that the 

beam effect should be minimized within the parameter window. Once again the 

indicative response of Surface irregularity, Tav agrees with the other models of 

high significance whereas the other, Surface irregularity, Tmax, does not. The 

same thing is shown for recast layer thickness by Hascalik and Ay in Figure 12 

where it can be seen that an increase in beam power leads to an increase in 

recast layer thickness. By looking at Figure 12 for surface irregularity on the 

other hand, it can be seen that an increase in beam effect decreases the surface 

irregularity. Since there are no models of high significance for surface 

irregularity it is hard to draw any conclusions about those responses.  

A maximized focal point decreases the Recast layer, Tav; Recast layer, Tmax; 

Burrheight, max and increases the Distance to deflection point, all of which is the 

desired direction of response. Hascalik and Ay also show, in Figure 10, that the 
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distance to deflection point is decreased with increasing cutting speed, which 

leads to that the cutting speed should be minimized in order to increase the 

distance to the deflection. 

11.2 Nitrogen series 

When looking at Figure 31 all of the graphs exhibit more or less promising 

behaviour for models of high significance whereas in Figure 32 it is foremost the 

responses of recast layer, Tav, Recast layer, Tmax and Burr height, max that 

exhibit promising behaviour for models of high significance. The Summery of fit 

plot, illustrated in Figure 38, shows that two of the responses have models of 

high enough significance that they can be used for prediction in new 

experiments. These are Recast layer, Tav and recast layer, Tmax. They both show 

R2 values above 0.80 and Q2 values above 0.6 and they have a sufficiently high 

model validity value and reproducibility value. It is fairly unexpected that only 

two responses show models of high significance when many more seemed 

promising by looking at the Replicate plots and the Observed vs. Predicted plots 

in Figure 31 and Figure 32. The burr height, max response does not have 

parameter values good enough to be considered a model of high enough 

significance, as previously believed, but it is good enough to be considered 

indicative. The rest show such bad values that the models must be deemed to be 

not applicable. Figure 39 shows Coefficient plots for the two responses with 

models of sufficiently high significance. The importance of the individual factors 

or the interaction of such and in which direction they affect the response is given 

by the Effects plot illustrated in Figure 40.  
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Figure 38: Summary of fit plot for the nitrogen series. Every response is described by four staples representing the four 

parameters described in Method. The ten responses from the left are: recast layer, Tav; recast layer, Tmax; recast layer; Lav; 

recast layer, Lmax; surface irregularity, Tav; surface irregularity, Tmax; surface irregularity, Lav; surface irregularity, Lmax; burr 
height; distance to deflection. 

Figure 39: Coefficient plots for the nitrogen series. 

 
Figure 40: The effects plots for the nitrogen series shows which factors or interactions of factors that has the greatest effect on the 

responses and in which direction they affect them. 
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Figure 41 illustrates a selection of the response contour plots. The rest of the 

plots can be found in Appendix 3. 

 

Figure 41: Prediction contour plots for the nitrogen series. 

It can be seen in Figure 41 that the recast layer thickness in both cases for both 

responses will decrease with increased cutting speed, focal point and gas 

pressure and increase with decreased beam effect within the parameter window. 

For both Recast layer, Tav and Recast layer, Tmax a decrease in response is the 

preferred direction since the recast layer is material containing altered 

properties in relation to the bulk material. Little or no recast layer means less 

post processing and if the cut samples will be used in other machining processes 

subsequent to laser cutting there will be no worries of altered properties in 

relation to recast layer if it is nonexistent.  

As for the argon series a colder process will give less recast layer, indicated by 

Figure 41. An increased cutting speed will decrease the energy density in the cut 

and thereby lower the heat dissipation and contribute to a colder process, which 

in turn will generate less recast layer. Figure 41 also indicate that a high focal 

point value will give less recast layer. Just as for the argon series a cold process 

seems to be preferable when little recast layer is required it can be assumed that 
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a high focal point setting will contribute to a colder process. The laser beam has 

its highest energy density at the focal point, before and after which the beam 

diverges. Since the gas is blown onto the cut from the top, the cooling effect is 

greatest at the top surface, below which it decreases throughout the cut. By 

having the focal point high in the material the cooling effect should be higher 

thereby decreasing the melt produced in the cutting process. This would result in 

less recast layer when the focal point is set high. Figure 40 shows that the gas 

pressure and beam effect are the two factors that affect the recast layer thickness 

the most. In order to achieve a colder process the beam effect should be as low as 

possible and thereby decrease the energy density in the cut. A high gas pressure 

will also contribute to a colder process. The higher the gas pressure, the greater 

is the forced induction in the cut, which considerably contributes by both 

reducing the melt produced as well as cooling it faster. That gas pressure and 

beam effect are the factors exhibiting the greatest effect on the recast layer 

thickness is also indicated by Figure 41 where the slopes are steep and the 

ranges of the recast layer thicknesses vary a lot over the intervals of both beam 

effect and gas pressure.  

11.2.1 Concluding discussion – Nitrogen series 

The results of the argon series have been compiled into Table 7. The table gives 

information on which direction the responses move when increasing the values 

of the factors, which direction is the desired one for each response and the 

parameter values on each response from the Summary of fit plots in Figure 38. It 

also gives information on which responses that support models of high 

significance (black arrows), which that only works as indicative models (blue 

arrows) and which responses that has such bad models that they are deemed not 

applicable (N/A). 
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Table 7: Compilation of results for the Nitrogen series. 
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As can be seen Table 7 increased cutting speed will decrease both Recast layer, 

Ta and Recast layer, Tmax. A decrease is the desired direction of response.  

A maximized gas pressure will generate a decrease in Recast layer, Tav; Recast 

layer, Tmax which is the desired directions of response.  

An increase in beam effect generates an increase in both Recast layer, Tav and 

Recast layer, Tmax which is the opposite of the desired directions of response 

indicating that the beam effect should be minimized within the parameter 

window. As for the case with argon as assistant gas this is all in agreement with 

the results given by Hascalik and Ay in Figure 9, Figure 11 and Figure 12.  

A maximized focal point decreases the Recast layer, Tav and Recast layer, Tmax 

which is the desired direction of response.  

If looking at the indicative responses for the nitrogen series it can be seen that 

Burr height, max point in the same direction as the models with higher 

significance, whereas the indicative response of Surface irregularity, Lav point in 

the opposite direction in three of four cases. Burr height, max also exhibit higher 

values for the parameters taken from the Summary of fit plot and can therefore 

be expected to predict more accurately than Surface irregularity, Lav. 

11.2.2 General discussion 

For both the argon and nitrogen series increasing the gas pressure will lead to a 

decrease of the recast layer thickness for the transversal sections. An interesting 

comparison can be made by looking at Figure 8 where Chien and Hou have 

shown the impact of gas pressure on recast layer thickness. They show that the 

thickness decreases with gas pressure up to a point of about 1,7 MPa where it 

starts to increase again. In this thesis only a decrease of recast layer thickness 

can be seen with increasing gas pressure, no turning point can be detected. An 

explanation to this can be that the gas pressure used in this master thesis only is 

increased to the value of 16 and 18 Bar (1,6 and 1,8 MPa) for argon and nitrogen 

respectively. There is therefore a chance that the turning point exists also for the 

experiments conducted in this master thesis but is not yet reached.  
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11.2.2.1 Models of high significance 

The two responses that have produced models of high significance, when using 

both argon and nitrogen as assistant gases, are Recast layer, Tav and Recast layer, 

Tmax. These are therefore relevant to compare. From the raw data found in 

Appendix 7 and 8 an average value, a maximum value, a minimum value and a 

range were calculated. They are presented in Table 8. From the table it can be 

concluded that, from the entry side of the laser beam and until the fourth 

measuring point, using argon as the assistant gas will almost exclusively generate 

lower values of recast layer for the average value, the maximum value, the 

minimum value and the range. Only for one value, the Recast layer, Tmax at 

measuring point 3, is the range larger for argon than for nitrogen. For the last 

two measuring points the recast layer produced increases drastically both for 

argon and nitrogen compared to the previous measuring points, although when 

comparing measuring points 5 and 6 between the two assistant gases it can be 

seen that argon bypasses nitrogen in amount recast layer at many occasions both 

for the Recast layer, Tav and Recast layer, Tmax responses. What seems to appear 

clearly in the table is that the samples cut with argon exhibit no or less recast 

layer on the surface than the nitrogen series until between 60 and 80 % through 

the cut, after which the argon series generally exhibit more recast layer than the 

nitrogen series. The molten material often assembles and solidifies as dross at 

the exit of the cut. This general appearance of recast layer on the cut surface is 

illustrated in Figure 42. The samples cut with nitrogen as assistant gas exhibit 

the same behaviour with increasing recast layer thickness towards the exit of the 

cut; however it also appears to have more recast layer on the entire length of the 

cut than the samples cut with argon as assistant gas.  
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Table 8: A compilation of data comparing samples, cut with argon and nitrogen as assistant gases, of the average, 
maximum and minimum value as well as the range. 

Argon Recast 
layer, Tav 
1 

Recast 
layer, Tav  
2 

Recast 
layer, Tav  
3 

Recast 
layer, Tav  
4 

Recast 
layer, Tav  
5 

Recast 
layer, Tav  
6 

Average 2,0 0,8 1,4 1,7 7,8 136,6 

Max 4,7 4,0 4,0 5,3 47,3 286,7 

Min 0,0 0,0 0,0 0,0 0,7 33,3 

Range 4,7 4,0 4,0 5,3 46,7 253,3 

Nitrogen Recast 
layer, Tav 
1 

Recast 
layer, Tav  
2 

Recast 
layer, Tav  
3 

Recast 
layer, Tav  
4 

Recast 
layer, Tav  
5 

Recast 
layer, Tav  
6 

Average 5,9 2,8 3,8 5,0 8,6 85,2 

Max 10,7 6,0 5,7 11,3 16,7 270,7 

Min 0,0 1,3 1,7 2,7 3,7 7,3 

Range 10,7 4,7 4,0 8,7 13,0 263,3 

Argon Recast 
layer,Tmax 
1 

Recast 
layer, 
Tmax 2 

Recast 
layer, 
Tmax 3 

Recast 
layer, 
Tmax 4 

Recast 
layer, 
Tmax 5 

Recast 
layer, 
Tmax 6 

Average 3,7 1,5 2,7 2,9 12,3 165,5 

Max 10,0 6,0 8,0 10,0 72,0 290,0 

Min 0,0 0,0 0,0 0,0 1,0 40,0 

Range 10,0 6,0 8,0 10,0 71,0 250,0 

Nitrogen Recast 
layer,Tmax 
1 

Recast 
layer, 
Tmax 2 

Recast 
layer, 
Tmax 3 

Recast 
layer, 
Tmax 4 

Recast 
layer, 
Tmax 5 

Recast 
layer, 
Tmax 6 

Average 9,0 4,3 5,3 7,1 12,4 111,3 

Max 16,0 10,0 8,0 16,0 20,0 344,0 

Min 0,0 2,0 4,0 4,0 4,0 8,0 

Range 16,0 8,0 4,0 12,0 16,0 336,0 

11.2.2.2 Models of low significance 

It is interesting to note that none of the responses for the longitudinal sections 

for recast layer produced models of high significance, neither for cutting with 

argon nor with nitrogen as assistant gas. Table 8 gives rise to another interesting 

theory. Seeing as the recast layer seems to vary over the transversal sections, 

with a thicker layer towards the exit of the cut, it is reasonable to think that the 

recast layer thickness on the longitudinal sections will depend more on the depth 

into the material at which the measurements are taking place than on the process 

itself. This leads to the realization that the greatest influence on the recast layer 

thickness on the longitudinal sections comes from the polishing process prior to 

evaluation. A greater polishing depth will generally lead to more recast layer for 

both the argon and the nitrogen series. The dependence of polishing depth on the 

recast layer thickness on the length cuts is illustrated in Figure 42, which also 
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shows the general behavior of increasing recast layer thickness towards the exit 

of the cut as described in Table 8. 

 
Figure 42: illustrating the increasing recast layer thickness with increasing polishing depth 

It can also be seen that none of the responses for surface irregularity give models 

of high significance. One explanation to this could be that the surface irregularity 

is very small, with values below 15 μm for nitrogen and below 10 μm for argon, 

as can be seen in the tables of raw data in Appendix 7 and 8. With a range of 

scatter that narrow, the noise of the process tends to get larger than the variation 

in the results and drowns the trends. The term scatter includes in this case both 

the scatter from the process and the scatter from the evaluation method. When 

dealing with such small values as in this case where the measured values are well 

below the error margin of the measuring system the scatter will greatly influence 

the results, which could be why Modde 10.1 cannot deliver models of high 

significance for surface irregularity.  

Another interesting notation is that the responses of Burr height, max and 

Distance to deflection point only give models of high significance for one of the 

cutting gases, namely argon. The properties of the different gases can potentially 

affect the cutting process differently. There is always the risk of burrs falling off 

after cutting which would result in them not being measured, ultimately leading 

to incorrect results. It may also be the case, for example, that one of the gases has 

properties that make sure the burrs do not stick to the cut surface as well as for 

the other assistant gas. It is previously discussed that a cooler process generally 

gives better results in relation to the responses discussed in this master thesis. 
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That the responses of Burr height, max and Distance to deflection point have 

models of high significance for argon but not for nitrogen could point to a 

potential possibility that argon may cool the process better than nitrogen. It may 

not, however, be forgotten that the beam effect values are differently set for 

argon and nitrogen, as seen in the test plans presented in Appendix 2. The 

minimum value is the same for them both but the range is greater for nitrogen 

than for argon, which makes the two experiments harder to compare.  

There are many things that can contribute to that some responses give models of 

low significance. To start with it is very important that the choice of process 

parameters is thought through in the beginning of the project, since it cannot be 

changed once the experiments are done. In this master thesis the process 

parameters and their values were a prerequisite and are therefore not discussed 

at any length. Scatter can greatly affect and deteriorate the results and thereby 

destroy a lot of the understanding of cause and effect. In order to get a model of 

high significance the largest part of the scatter must come from the model itself 

and not from surrounding sources such as coincidence or evaluation methods; 

otherwise the results of the evaluation will drown in the noise from other error 

sources. If coincidence is large it can be very hard to capture the trend 

mathematically and the results will be hard or impossible to predict. When it is 

apparent that the noise of the process is too large to differentiate trends from 

scatter a solution can be to broaden the parameter window and make new 

experiments. In this master thesis project that is not an option due to time 

limitations as well as other restrictions on for example the laser machine.  

It cannot be forgotten that the basic idea with running a DOE is to get as much 

information as possible out of as few experiments as possible. Even though the 

experiment settings for each test run are carefully chosen the evaluation of the 

test runs is always more trustworthy with more test runs.  

11.2.2.3 Most influential factors 

When comparing Recast layer, Tav and Recast layer, Tmax between the two 

assistant gases, Table 6 and Table 7 and the Coefficients plots in Figure 34 and 

Figure 39 show that they react in the same manner to changes in the factors. 

When looking at the effects plots in Figure 35 and Figure 40, it can however be 

seen that the importance of the factors vary between the different assistant 



55 

gases. For the Recast layer, Tav Argon and the Recast layer, Tmax Argon, the focal 

point and gas pressure are the most influential factors, exhibiting almost equal 

importance. For Recast layer, Tav Nitrogen and Recast layer, Tmax Nitrogen, the 

gas pressure and beam effect are the most influential factors. One thing that has 

to be considered when comparing results between the two assistant gases is that 

the test plans, and therefore the cutting conditions, are not identical between 

them. Since the minimum value is the same for them both but the range is greater 

for nitrogen than for argon, this could be a contributing factor to that there are 

differences in the relative importance between the factors on the responses.  
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12 Conclusion 

 Increasing values of gas pressure within chosen parameter window decreases 

recast layer thickness and burr height as well as increasing the distance to 

deflection. 

 Increasing values of cutting speed within chosen parameter window decreases 

recast layer thickness, burr height and distance to deflection. 

 Increasing values of beam effect within chosen parameter window increases 

recast layer thickness and burr height and decreases distance to deflection. 

 Increasing values of focal point within chosen parameter window decreases 

recast layer thickness and burr height and increases distance to deflection. 

 For the response of Recast layer, Tav – Argon focal point and gas pressure are 

the factors that influence the most on the cut surface. 

 For the response of Recast layer, Tav – Nitrogen gas pressure and beam effect 

are the factors that influence the most on the cut surface. 

 For the response of Recast layer, Tmax – Argon gas pressure and focal point 

are the factors that influence the most on the cut surface. 

 For the response of Recast layer, Tmax – Nitrogen gas pressure and beam 

effect are the factors that influence the most on the cut surface. 

 For the response of Burr height, max – Argon cutting speed is the factor that 

influence the most on the cut surface. 

 For the response of Distance to deflection point – Argon focal point and gas 

pressure are the factors that influence the most on the cut surface. 

 Argon generally produces less recast layer on the cut surface in the beginning 

of the cut until 60 – 80 % into the cut. At the exit of the cut Argon generally 

exhibit a thicker recast layer. 
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13 Future work 

By broadening the parameter window there is a possibility that for some of the 

responses, where the noise of the process drowned the trends, the variation 

would be greater than the noise and therefore generate models of higher 

significance.  

By adding more responses for evaluation the understanding of how laser cutting 

with certain parameters affect the cut surface would increase further. One 

response that could be added is for example Angular error. Measurements of 

angular error show if the perpendicular surface has distorted during the cutting 

process and whether it has become concave or convex. Another thing that could 

be inserted as response into Modde 10.1 is all the individual values from the raw 

data in Appendix 7 and 8. They could give information on how the factors affect 

the cut surface location wise over the cut. 

A nitrogen analysis can be performed on the samples cut with nitrogen as 

assistant gas. The analysis could give information on if nitrogen has dissolved 

into the material during cutting and if so, how far into the material it has 

dissolved. This could give valuable information on how far into the material the 

microstructure is affected and whether or not nitrogen can be viewed as an inert 

gas when laser cutting in HAYNES ® 282. Between that and the information 

achieved in this master thesis project a more careful assessment on how much 

post processing needs to be done on the cut surfaces can be performed. This 

could lead to a potential decrease in post processing as well as a decrease in 

processing costs.  

As of now extensive post processing is taking place on all laser cut surfaces at 

GKN Aerospace before welding. These cut samples could be used to try welding 

directly into the cut surfaces. This could be done to evaluate the welds and see if 

and how they are affected and also help to determine if nitrogen can be viewed 

as an inert gas. To be able to use nitrogen as an inert gas would have economical 

benefits for the company.  

By using the optimizer tool in Modde 10.1, the programme can suggest optimized 

parameter settings based on the specified information on whether the responses 

should be minimized or maximized.  
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Appendices 

Appendix 5-8 have been excluded from this version of the report due to the secrecy of 
company intellectual property.  
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Appendix 1: Extended material on Haynes 282 

Alloying elements of large atomic size such as molybdenum and cobalt helps 

maintaining the mechanical properties in spite of the small fractions of aluminum and 

titanium, although the large atomic size alloying elements are prone to the formation of 

TCP phases which deteriorate the mechanical properties. (Andersson, o.a., 2013) When 

developing HAYNES ® 282 the importance of molybdenum on creep strength was 

discovered. The rupture life of HAYNES ® 282 increases with molybdenum content up 

to 8.5 wt % after which it falls drastically. This phenomenon is illustrated in Figure 43: 

rupture life dependence of Mo.  

 

Figure 43: rupture life dependence of Mo. (Reed, o.a., 2008) 

Apart from good strain-age cracking and creep strength properties HAYNES ® 282 also 

possess very good thermal stability, weldability and processability (International, 2005). 

Strengthening mechanisms 

The primary strengthening mechanism of HAYNES ® 282 is the gamma prime phase, γ’ 

(Andersson, o.a., 2013). The γ’ is formed when titanium and aluminum is present in the 

alloy and only small adjustments in the fraction of these have great effect on both 

properties and fabricability of the alloy (Reed, o.a., 2008). The γ’ compound is of the A3B 

type and consists of an ordered FCC structure. (Sims, Stoloff, & Hagel, 1987). Raymond 

et al. have shown that at small amounts of aluminum the γ’’ phase is the predominating 

one, whereas when the aluminum content is raised the γ’ phase takes over and becomes 

the predominating phase, the later being the case for HAYNES ® 282. The morphology 

of the γ’ precipitate in the as cast condition is spherical with a diameter of 20 

nanometres (Reed, o.a., 2008). The unit cell of the γ’ FCC precipitate is shown in Figure 

44. 
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Figure 44: (Bhadeshia, 2011) 

The alloy has a relatively low content of γ’, which both ensures thermal stability and 

allows for the high service temperatures (Andersson, o.a., 2013). It is important to find a 

balance in the fraction of γ’-phase. Although too high a level of γ’ can result in decreased 

formability and weldability as well as making the alloy more prone to strain-age 

cracking, some γ’ is necessary to maintain properties like creep, tensile and fatigue 

strength. (Reed, o.a., 2008) The precipitation rate of γ’ is greatly affected by the levels of 

γ’-phase. A larger fraction leads to an increased precipitation rate. Strain-age cracking is 

a general problem for many weldable γ’-strengthened alloys, such as HAYNES ® 282. 

Alloys that form γ’ at higher rates are more prone to strain-age cracking because of 

residual stresses that arise during the solidification step of the heat treatment when 

solidification shrinkage, which is linked to γ’ formation, occurs.  

Just as for alloy 718, HAYNES ® 282 overages at exposure to high temperatures 

resulting in loss of both tensile and creep strength. (Reed, o.a., 2008) Overaging of the 

alloy is characterized by a phase transformation from γ’ into HCP eta, η, as well as 

coarsening of the γ’ precipitates. A small amount of η phase is usually included into the 

alloy on purpose during processing since it contributes to microstructure control. The 

precipitation of γ’ creates strain energy which is the driving force for the phase 

transformation. One of the things that have the greatest effect on the transformation 

temperature is the titanium content, with higher content increasing the transformation 

of γ’ to η. Aluminum on the other hand has the opposite effect. η has low solubility in 

aluminum which leads to that a high aluminum content prevents η phase formation. 

High aluminum content also decreases the γ-γ’ mismatch which decreases the driving 

force for the phase transformation. (Sims, Stoloff, & Hagel, 1987) 

One thing that distinguishes γ’’, which is the main strengthening element in alloy 718, 

from γ’ in terms of strength characteristics is the number of dislocation movements that 
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are needed to restore order of the phase. Dislocations occurring in the FCC γ’ phase can 

move in three directions. In all three of these slip planes it will take two dislocation 

movements in the slip direction for order to be restored in the phase. In the BCT γ’’ 

phase, on the other hand, solely for one of the slip planes will order be restored after a 

superdislocation consisting of two dislocation movements in the slip direction through 

the BCT γ’’ phase. In order to move in any of the other two slip directions a 

superdislocation consisting of no less than four dislocation movements in the slip 

direction must occur so as to restore order in the phase.  
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Appendix 2: Test plans 

Test plan for laser cutting HAYNES ® 282 with argon as assistant gas. 
Number Run 

order 
Speed 

(mm/min) 
Effect (W) Gas pressure 

(Bar) 
Focal point 
(% into the 
material) 

Focal point 
(mm into the 

material) 

N01 10 1000 1000 10 40 -1 

N02 8 1500 1000 10 40 -1 

N03 1 1000 1500 10 40 -1 

N04 14 1500 1500 10 40 -1 

N05 9 1000 1000 16 40 -1 

N06 16 1500 1000 16 40 -1 

N07 18 1000 1500 15 40 -1 

N08 4 1500 1500 16 40 -1 

N09 11 1000 1000 10 60 -1,55 

N10 13 1500 1000 10 60 -1,55 

N11 17 1000 1500 10 60 -1,55 

N12 6 1500 1500 10 60 -1,55 

N13 3 1000 1000 16 60 -1,55 

N14 2 1500 1000 16 60 -1,55 

N15 15 1000 1500 16 60 -1,55 

N16 7 1500 1500 16 60 -1,55 

N17 5 1250 1250 13 50 -1,3 

N18 12 1250 1250 13 50 -1,3 

N19 19 1250 1250 13 50 -1,3 
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Test plan for laser cutting HAYNES ® 282 with nitrogen as assistant gas. 
Number Run 

order 
Speed 

(mm/min) 
Effect (W) Gas pressure 

(Bar) 
Focal point 
(% into the 
material) 

Focal point 
(mm into the 

material) 

N01 12 500 1000 10 40 -1 

N02 10 1500 1000 10 40 -1 

N03 2 500 3000 10 40 -1 

N04 16 1500 3000 10 40 -1 

N05 11 500 1000 18 40 -1 

N06 18 1500 1000 18 40 -1 

N07 1 500 3000 18 40 -1 

N08 5 1500 3000 18 40 -1 

N09 13 500 1000 10 60 -1,55 

N10 15 1500 1000 10 60 -1,55 

N11 19 500 3000 10 60 -1,55 

N12 7 1500 3000 10 60 -1,55 

N13 4 500 1000 18 60 -1,55 

N14 3 1500 1000 18 60 -1,55 

N15 17 500 3000 18 60 -1,55 

N16 9 1500 3000 18 60 -1,55 

N17 6 1000 2000 14 50 -1,3 

N18 14 1000 2000 14 50 -1,3 

N19 20 1000 2000 14 50 -1,3 
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Appendix 3: Response contour plots 

Argon 
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Appendix 4: Polishing program  
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