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Cutting of thick section stainless steel and mild steel, and medium section aluminium using 

the high power ytterbium fibre laser has been experimentally investigated in this study. 

Theoretical models of the laser power requirement for cutting of a metal workpiece and the 

melt removal rate were also developed.  

 

The calculated laser power requirement was correlated to the laser power used for the 

cutting of 10 mm stainless steel workpiece and 15 mm mild steel workpiece using the 

ytterbium fibre laser and the CO2 laser. Nitrogen assist gas was used for cutting of stainless 

steel and oxygen was used for mild steel cutting. It was found that the incident laser power 

required for cutting at a given cutting speed was lower for fibre laser cutting than for CO2 

laser cutting indicating a higher absorptivity of the fibre laser beam by the workpiece and 

higher melting efficiency for the fibre laser beam than for the CO2 laser beam. The 

difficulty in achieving an efficient melt removal during high speed cutting of the 15 mm 

mild steel workpiece with oxygen assist gas using the ytterbium fibre laser can be 

attributed to the high melting efficiency of the ytterbium fibre laser. 

 

The calculated melt flow velocity and melt film thickness correlated well with the location 

of the boundary layer separation point on the 10 mm stainless steel cut edges. An increase 

in the melt film thickness caused by deceleration of the melt particles in the boundary layer 

by the viscous shear forces results in the flow separation. The melt flow velocity increases 

with an increase in assist gas pressure and cut kerf width resulting in a reduction in the 

melt film thickness and the boundary layer separation point moves closer to the bottom cut 

edge. 

 

The cut edge quality was examined by visual inspection of the cut samples and 

measurement of the cut kerf width, boundary layer separation point, cut edge squareness 

(perpendicularity) deviation, and cut edge surface roughness as output quality factors.  

Different regions of cut edge quality in 10 mm stainless steel and 4 mm aluminium 

workpieces were defined for different combinations of cutting speed and laser power. 



 

 

 

 

Optimization of processing parameters for a high cut edge quality in 10 mm stainless steel 

was demonstrated. 

 

Keywords: Ytterbium fibre laser, laser cutting, laser power requirement, melt flow 

velocity, melt film thickness, stainless steel, mild steel, aluminium 
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1 INTRODUCTION 

1.1 Background of the Study 

The first working laser was invented in May 1960 at the Hughes Research Laboratories by 

T. H. Maiman when he successfully applied an optical pumping technique to an active 

material (ruby crystal) resulting in the attainment of stimulated optical emission 
1
.
 
Since 

then the laser development continued to progress in the following years 
2
; and 

consequently, the laser cutting was first successfully demonstrated in May 1967 using a 

focused CO2 laser beam and an assist gas jet 
3
.
 
The output power and beam quality of laser 

cutting systems have improved tremendously over the last five decades and now the laser 

is appreciated in industry as a reliable technology for cutting of metal with great precision 

and a high cut quality 
2
. Laser cutting is nowadays the most significant application of 

lasers in materials processing in terms of market share. Some of the metals that are 

commonly laser cut in industries such as car production and ship manufacturing include: 

low alloy steel, stainless steel and aluminium. Economical criteria affecting the choice of a 

suitable laser system for a particular laser cutting application is now gaining much 

importance as manufacturers using laser cutting in their production procedures are 

particularly interested in high cutting speeds for maximization of productivity, attainment 

of high cut quality so that rework of cut pieces can be eliminated, and cutting 

reproducibility. Increased process efficiency, quality, and flexibility help to reduce costs. 

 

Thick-section metal cutting requires a reasonably high output power with high beam 

quality. However, the laser beam quality generally deteriorates with increase in output 

power and this reduces the number of eligible lasers for thick-section metal cutting. In 

comparison to CO2 lasers, the shorter wavelength of the Nd: YAG laser radiation is more 

highly absorbed by metals but the conventional solid-state lasers - Nd: YAG lasers - have 

lower overall efficiency and lower beam quality resulting in lower focusability. As a 

significant part of the pump power is converted to heat inside the laser active material in 

the rod crystal geometry of the conventional Nd: YAG laser, the thermal effects affect the 

optical behaviour of the rod (thermal lens) resulting in the deterioration of the beam quality 
4, 5

. CO2 laser systems are available with reasonably good beam quality at high output 

powers sufficient for thick-section metal cutting. Therefore, the CO2 laser is currently the 

industrial workhorse for laser cutting of metal from thin- to thick-section while the Nd: 

YAG laser has found a niche in thin-section high precision metal cutting 
6
. Efforts 

undertaken to improve the output power and beam quality of solid-state lasers have 

included concepts based on different pumping techniques e.g. diode pumping and different 

crystal geometries e.g. fibres and thin discs 
7
. In diode-pumped systems, the high 

optical/electrical power conversion of the diodes and more selective excitement of the 

laser-active medium enhance the laser’s overall efficiency compared to lamp-pumped 

systems. Additionally, the improved cooling mechanisms in the fibre and disc crystal 

geometries results in a lower heat release in the crystal so that the temperature-dependent 

thermal lens effect is less pronounced yielding a higher beam quality 
7
. The ytterbium fibre 

laser is a new development of the solid-state laser having an active medium consisting of 

Yb
3+

 ions doped in silicate based fibres. The ytterbium fibre laser delivers a high quality 
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laser beam at high output power making it capable of thick-section metal cutting in the 

domain that has been largely dominated by the CO2 laser. 

 

A general review of recent work carried out by various researchers on the subject of metal 

cutting using the high power ytterbium fibre laser highlights the current research interest in 

this subject area. Wandera compared the cutting speeds and cut quality in medium section 

stainless steel (1 – 6 mm) using the ytterbium fibre laser and the CO2 laser 
8
; and reported 

that for similar workpiece and process conditions, higher cutting speeds were obtained 

with the fibre laser but the CO2 laser cut quality was better than that of the fibre laser. The 

cut edge produced using the fibre laser has more complex striation patterns than typical in 

CO2 laser cutting. Sparkes et al. reported that the poor cut edge quality obtained in thick-

section stainless steel cutting using the high brightness fibre laser is caused by the 

difficulty in obtaining full melt ejection through the narrow thick-section cut kerfs 
9, 10

. 

Himmer et al. compared the cutting quality and cutting performance of the CO2 laser and 

fibre laser beam sources for cutting of 10 – 20 mm stainless steel 1.4301 and reported that 

the cut edge quality for both laser sources was sufficient for most materials and thicknesses 

but the single mode and multimode fibre lasers in the kilowatt range increased the cutting 

speed 
11

. Mahrle et al. also reported that the poor cut edge quality obtained with the fibre 

laser is influenced by the absorption mechanism in fibre laser cutting which is different 

from the absorption mechanism in CO2 laser cutting due to the different wavelengths. They 

argued that there is a distinct angle of incidence - corresponding to 85.9
o
 - above which the 

absorptivity of the CO2 laser radiation is better than the absorptivity of the fibre laser 

radiation. And that fibre laser cutting works in a regime where the absorptivity is not 

optimal in relation to the cut front angle while optimum cut front inclination is achieved 

with CO2 laser radiation for optimal absorptivity in a wide range of material thickness 
12

. 

Olsen et al. developed a multi-beam approach to control the melt flow out of the cut kerf 

for improved cut quality in metal cutting using the high brightness and short wavelength 

lasers. The approach involves splitting up the beams from two single mode fibre lasers and 

combining the beams into a pattern in the cut kerf whereby the melt beam and the melt 

ejection beams are positioned relative to each other 
13

.  

 

The development in the output power of high brightness laser sources has resulted in some 

questions about the relevance of high brightness for macro laser materials processing 

applications, especially cutting and welding 
14

.  The brightness ( B ) of a laser source, given 

in equation 1, is defined as the output power (P) per unit area ( A ) per unit solid angle ( ) 

subtended by the laser source 
15

. 

 

)1........(........................................)(  APB  

 

Where B  is the brightness of a laser source (in W/m
2
sr), P is the output power (in Watts), 

A  is the area (in square meters) and   is the solid angle subtended by the laser source (in 

steradians). 

 

And the Beam Parameter Product (BPP) - a measure of beam quality - is defined by the 

relation given in equation 2 
7
. The smallest BPP of the value   is achieved with a 
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diffraction-limited Gaussian beam (TEM00) but real laser beams have larger BPP. The 

lowest possible BPP for a fibre laser radiation is ten times smaller than the lowest possible 

BPP for a CO2 laser radiation as a consequence of their wavelengths. 

 

)2........(..............................2MBPP



  

 

Where   is the wavelength of the laser radiation, and 2M is the times diffraction limit 

factor which tells how larger the BPP of the actual laser beam under consideration 

compared to the lowest BPP,  , of an ideal Gaussian beam. 

 

The brightness of the laser source is proportional to the output power divided by the square 

of the Beam Parameter Product (i.e. 2BPPPB ); therefore the brightness of the laser 

beam increases with a higher laser beam quality (decreasing value of BPP). Macro cutting 

applications benefit from the high brightness of the fibre laser source because the high 

brightness enhances the focusability of the laser beam to produce the necessary high power 

density required for deep penetration of thick-section workpieces 
14

.  However, the narrow 

cut kerfs produced by high brightness laser beams is a disadvantage for cutting of thick 

metal plates due to the difficulty in blowing the melt out of the kerf and also oxygen 

starvation deeper in the cut kerf  
2
. Consequently, this has triggered considerable research 

efforts to establish the performance of high brightness laser sources in macro cutting, 

among other applications. From the current status of research on the performance of the 

high power ytterbium fibre laser for thick-section metal cutting, the reported cutting speeds 

indicate that the use of the ytterbium fibre laser offers competitive productivity advantages 

to challenge the CO2 laser which is currently dominating in this application sector of laser 

materials processing. However, as a consequence of the high brightness of the ytterbium 

fibre laser, the fibre laser processing parameters for good quality cutting may be different 

from the CO2 laser processing parameters. Therefore, there is a need to establish 

appropriate cutting parameters for fibre laser cutting in order to improve the resulting cut 

edge quality and take advantage of the high brightness. 

 

1.2 The High Power Fibre Laser 

The fibre lasers based on the cladding-pumped principle first described by Snitzer in 1961 
16

 have come of age and now cladding-pumped fibre lasers delivering kilowatt power 

output are available for materials processing applications 
17

. The ytterbium fibre laser 

operating at near infrared spectral range (1060 – 1080 nm) is a new generation of diode 

pumped solid-state lasers having a unique combination of high power, high beam quality, 

and high wall plug efficiency; and offers increased performance flexibility than realized by 

the more traditional solid-state Nd:YAG laser 
18

. As a consequence of the fibre laser 

wavelength, the benefits of its use in materials processing applications include: a higher 

absorptivity by metals, lower sensitivity against laser-induced plasmas, and flexible beam 

handling through narrow optical fibres. The high power ytterbium fibre laser is projected 

to perform favourably in laser material processing applications - such as thick-section 
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metal cutting and welding - that have previously been considered impractical for the 

traditional solid-state laser, the Nd: YAG laser 
7, 19-21

. The performance of the high power 

ytterbium fibre laser in materials processing applications is enhanced by the low BPP 

which results in high brightness, long depth of focus, and long working distance when long 

focal length optics is used 
18

. 

 

1.2.1 The structure 

 

The first fibre lasers were core pumped and realized power output in the low power regime 

(several 100 mW). A breakthrough in power scaling - up to the order of 100 W – of the 

fibre laser was realized by utilizing the concept of cladding-pumped double-clad glass 

fibres (shown schematically in Figure 1). The architecture of the high power continuous 

wave (cw) fibre laser is based on a double-clad fibre geometry with a core region of 

highest refractive index, in which is deposited the laser active species (usually rare-earth 

ions). The core region is surrounded by cladding regions of progressively decreasing 

refractive index, which serve to confine light rays within the core.  The rare-earth ion 

doped core region is surrounded by an inner cladding of silicate glass (pump cladding) of 

lower refractive index than the core and the inner cladding is in turn surrounded by an 

outer cladding of suitable material with still lower refractive index forming a step index 

fibre. The radiation of the high power diode laser pump is guided into the inner cladding 

and the pump light - confined in the pump cladding by the lower refractive index outer 

cladding - is absorbed by the active ions in the core as it propagates in the fibre over a 

length of several meters (see Figure 2) 
7, 20, 22

. The stimulated emission is guided inside the 

inner core, building to high intensities before it emerges as a laser beam. 

 

 

 

 
 

 

Figure 1. A schematic drawing of the double-clad fibre 
22

. 
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Figure 2. Schematic of the clad-pumped fibre laser 
7
. 

 

 

The double-clad fibres of high power fibre lasers utilize either polymer-cladding or air-

cladding to form the low refractive index outer cladding of a step index fibre with glass 

inner cladding and core (Figure 3). The outer zone of the pump clad can also be doped with 

fluorine which decreases the refractive index so that the power at the interface fluorine-

doped silica/coating is reduced considerably, see Figure 3 centre (a polymer coating is 

always necessary for reasons of mechanical strength). Instead of the polymer cladding, an 

air cladding formed by a ring of air holes is utilized in the air-clad fibre. In the air-clad 

structure, the pump region is bounded by narrowly neighbouring air holes, forming the 

highest apertures up to 0.8, but the bridges between the holes must be very thin (some 100 

nm) in order to avoid leaking out of the pump light 
20, 23

. 
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Figure 3. Schemes of the actual possibilities for the outer coating. For the Fluorine-doped 

silica coated fibre, the measured index profile is shown below, and the photograph of the 

air-clad fibre across-section is shown 
23

. 

 

Coupling of the pump power is achieved by side fibre tapered taps spot welded to the inner 

cladding along the length of the fibre. Serial pumping of the long length active fibre in 

stages with diode pumps enables single outputs approaching kWs per fibre. Additional 

power is generated by bundling more than one fibre laser element to provide up to 10 kW 

multi-mode power output. One of the undesirable elements of the polymer-clad systems at 

very high powers is the heating of the polymer as a result of the optical absorption in the 

polymer cladding which affects the optimum laser performance. This effect can be reduced 

by using a large number of lower power diode pump sources along the fibre length (serial 

pumping) to ensure that the pump power does not exceed the optical burning threshold of 

the polymer coating. The advantages of the air-clad fibre over the polymer-clad fibre 

include: a reduction in the number of pump diodes so that much greater pump power can 

be coupled from one end only because the damage threshold of polymers which limits 

pump powers is not an issue in air-clad fibres and the upper limit of power in air-clad 

fibres is dependent on the glass breakdown threshold intensity which is orders of 

magnitude higher; the Numerical Aperture (NA) is increased in air-clad fibres enabling 

more efficient pump coupling leading to performance and cost improvements through 

more efficient pump utilization and reduced manufacturing tolerances; and conventional 

fibre cleaving and splicing technologies can be applied without having to compromise the 

air-cladding as compromised when stripping polymer claddings 
20

. 

 

The active medium of the fibre laser consists of one or a combination of two of the rare 

earth ions - including Praseodymium, Neodymium, Holmium, Erbium, Thulium, and 
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Ytterbium (Pr
3+

, Nd
3+

, Ho
3+

, Er
3+

, Tm
3+

, Yb
3+

) - doped in silicate-based optical fibres 
20, 23

. 

The high power multimode diode pump radiation is injected through the ends of the 

composite fibre into the undoped glass cladding (pump cladding) to produce lasing in the 

rare earth ion doped fibre core and deliver a single mode output with near diffraction-

limited laser beam. The use of various rare earth ion doping materials allows operation at 

any wavelength from the visible to the mid-infrared; for instance lasing in Nd
3+

, Yb
3+

, and 

Nd
3+

/Yb
3+

 doped fibres is obtained at around 1µm wavelength, while lasing in Er
3+

, 

Er
3+

/Yb
3+

, Tm
3+

, Tm
3+

/Yb
3+

, and Ho
3+

 doped fibres is obtained at 1.5-2 µm wavelength.  

Also the heating of the active medium is influenced by the particular rare earth ion used 

and the particular transitions being exploited such that those with the lowest efficiency will 

generate the most heat 
20

. The low power erbium (Er
3+

) doped fibre lasers (mW output 

power) operating at around 1550-1603 nm are useful for applications in the fields of fibre-

optic communications and monitoring/sensors by means of spectroscopy 
24-32

. Ytterbium is 

highly absorbing of pump radiation and consequently the use of the Yb
3+

 ions as doping 

material is preferred for high power fibre lasers (kW output power) operating at around 

1060-1080 nm and used for materials processing applications 
23

. D’Orazio et al. reported 

that an optimal slope efficiency of a ytterbium-doped fibre laser design is obtained through 

optimization of the ytterbium concentration, the output mirror reflectivity, the relative hole 

size and the fibre length
33

. The gain in the Yb
3+

 doped fibre laser core - and consequently 

the maximum output power - strongly depends on the pump power and the time during the 

pulse at which the gain is measured 
34-36

. Fibre-coupled diode laser modules are spectrally 

combined to increase the pump power 
35

.  Leproux et al. demonstrated that better pump 

power absorption can be achieved by the so-called “chaotic propagation” in double-clad 

optical step-index fibres. The chaotic propagation can be achieved by introducing a break 

in the circular geometry of the fibre core through a straight cut in the core to form a D-

shape or using truncated rectangle geometry in order to induce a complex ray trajectory 
37

. 

Improvement of pump absorption is achieved through maximal overlap of the pump 

intensity with the doped absorbing core 
38

. 

 

The confinement of light rays within the fibre core ensures that pump intensity is 

maintained along the fibre over long fibre lengths, subject to losses through absorption or 

scattering; and the small core diameter of single mode fibres (3-10 µm) ensures that the 

power density is very high. In a conventional crystal laser (Nd: YAG), high power density 

is achieved by tight focusing, which then limits the effective pumping length through 

divergence. Also, the use of cladding-pumping for high-power diode pumping ensures that 

the fibre laser is free of the thermal issues (i.e. the variation of the refractive index with 

temperature) that tend to affect the stability of high-power Nd: YAG lasers 
27

. The 

geometry of the fibre laser exposes a large surface area per unit volume and this aids the 

cooling of fibre lasers 
39

. The temperature in the fibre core is determined primarily by heat 

transport through the outer surface of the fibre 
40

. 

 

The length of the active fibres can be reduced by the use of multicore fibre geometry in 

which many active wave guiding micro cores are placed on a ring inside a large pump 

core. However, the disadvantage of a multicore fibre laser is the decrease of beam quality 

due to the lack of mutual coherence between the individual micro cores. The far-field 
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distribution is governed by the emission characteristics (divergence, beam waist) of each 

single micro core and not by the interplay of all emitters of the circular array; therefore, the 

beam quality of the multicore fibre laser can be increased by phase locking all the micro 

cores 
41-44

. 

 

1.2.2 Power Scaling and Beam Quality 

 
The scaling up of output power from a fibre laser to higher power levels can be obtained 

by either increasing the power per fibre laser element to give a high power single mode 

output with near diffraction limited beam quality 
45

 or by combining outputs from several 

single-mode fibre lasers to give a higher power multi-mode output 
46

. Power output from a 

single fibre laser element is limited by the required pump power and brightness of pump 

laser diodes, nonlinear scattering (especially stimulated Raman scattering), and thermal 

loading and optical damage of fibre materials. However, the availability of high power 

diode lasers for use as pumping sources and the improvements in fibre laser design have 

enabled rapid progress in the power scaling of ytterbium (Yb
3+

) doped fibre lasers to 

output powers beyond 1 kW in  cw operation with near diffraction-limited beam quality 
47

 

and also high power ultrashort pulse operation has been reported 
48

. Jeong et al. described 

the possibility of power scaling of the single-fibre laser configuration to an output of 12 

kW by using higher pump power, a larger inner cladding to accommodate the large pump 

beams required for a kW fibre laser, and a larger core to reach sufficient pump absorption 

with an acceptable Yb-concentration while maintaining acceptable beam quality; a low 

numerical aperture (NA) is required for good beam quality 
49

. Higher power values  per 

fibre (some 100 W and more) are also obtained by using fibres with larger cores - so called 

large-mode-area (LMA) fibres - in order to reduce the high power densities in the fibre 

core (See Figure 4); but the use of  LMA fibres  can lead to multimode propagation. The 

beam quality from LMA fibres can be preserved by decreasing the NA of the core (i.e. the 

index difference between the core and cladding) through adjusting the doping level in the 

core which is generally difficult to achieve in the LMA fibre 
23

.   

 

 

 
 

Figure 4. Illustration of the problems encountered in preparing LMA fibres with low index 

steps and simultaneously maintaining the adequate doping levels 
23

. 
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Power scaling of fibre lasers - beyond the output limits of single mode fibres - is feasible 

through the approach of beam combination. The two main categories of beam combining 

techniques include: incoherent combining or wavelength multiplexing (in which output 

capacity is increased by transmission of several discrete wavelengths simultaneously), and 

coherent combining (in which output capacity is increased by combining two or more 

outputs with similar wavelengths). Incoherent (wavelength) combined systems have a 

multi-wavelength output whereas coherently combined systems can have single frequency 

output. Coherent combining can also be achieved using cladding pumped multicore fibre 

lasers in which high pump absorption is achieved because of the large overlap between 

doped cores and pump radiation; and the radiations emitted by the different cores can be 

phase-locked 
50, 51

. Zhou et al. reported that the beam quality of a coherently combined 

beam depends mainly on the fill factor of the laser array and not on the number of lasers 
52

. 

The fill factor, t  (given in equation 3) describes the compactness of the fibre laser array 

and a smaller t  corresponds to a more compact array 
52

.  

 

)3.....(........................................)2(
00 wwdt   

 

where 0w is the beam waist after expanding and d is the distance separating the nearest 

neighbour in the array. 

 

The effectiveness of coherent beam combining is limited by the large distance between the 

centres of beamlets as the core diameters of double-clad fibres used for generating high-

power lasers are about 20 µm while the outer clad diameter is about 400 µm. The laser 

beams can be expanded and collimated using a microlens array so that the distance 

between adjacent elements becomes smaller compared with the beam waist as shown in 

Figure 5(b) 
52

. 

 

 

 
 

Figure 5. Schematic diagram of the fibre laser array with ring distribution: (a) front view 

and (b) side view 
52

. 
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Boullet et al. demonstrated the coherent combining in a clad-pumped Yb-doped double-

core fibre laser and reported that as much as 96% of the total output power was combined 

into the fundamental mode of one of the cores with slope efficiency higher than 70% 
53

. 

Cheo et al. reported on a power combining technique that involves phase-locking a group 

of single mode fibre laser cores arranged in an isometric configuration and embedded in a 

common cladding to emit very high power coherently 
54

. Augst et al. demonstrated power 

scaling of an ytterbium fibre laser by combination of laser beam outputs from five fibre 

lasers operating at slightly different wavelength in a master-oscillator power amplifier 

(MOPA) configuration and reported that the beam quality of the combined output is equal 

to that of a single element 
55

. 

 

Wirth et al. demonstrated incoherent beam combining of four narrow-linewidth ytterbium-

doped photonic crystal fibre amplifier chains (each of ~500 W output power) using a 

reflective diffraction grating (see Figure 6) to form an output beam of 2 kW continuous-

wave optical power with good beam quality 
56

. 

 

 

 
 

 

Figure 6. Experimental setup for spectral beam combining of four photonic crystal fibre 

amplifier channels. A single channel is highlighted and consists of a seed source (1), a first 

(2) and second pre-amplifier (3), the main amplifier (4), the folding mirrors (5) and the 

grating (6) 
56

. 

 

 

Power scaling can also be achieved through beam combination - of outputs from several 

fibre lasers - at the entrance side of the fibre so as to increase the power at the workpiece 

above the level available by a single fibre but the beam quality deteriorates as the number 

of lasers increases.  The coupling condition at the fibre entrance follows approximately the 

relation given in equation 4: 

 



25 

 

 

 

)4.....(........................................~ 2MNdNA  

 

where NA is the numerical aperture of the fibre, N the number of individual beams 

necessary to obtain the requested power level and 2M  characterizes the beam quality of 

the individual modules and d is the fibre diameter.  

 

The attainable focused spot diameter after fibre transmission is closely related to the fibre 

diameter, d, and a small value of d is desirable. Either a higher power level of the system 

or a smaller fibre diameter can be realized as 2M  is getting lower 
7
. 

 

IPG Photonics - the leading manufacturers of high power fibre lasers - introduced the first 

kilowatt single mode fibre laser in 2004 and by 2009 up to 10 kW single mode output and 

50 kW multimode output was reported with the beam quality that is significantly better 

than the best beam quality theoretically possible for CO2 lasers 
17, 57

. This theoretical best 

beam quality value for CO2 lasers is 3.1 mm.mrad while the theoretical best beam quality 

value for fibre lasers is 0.3 mm.mrad. 

 

1.2.3 Focusing of the high power ytterbium fibre laser 

 

The fundamental characteristics of the fibre laser radiation that are beneficial for cutting of 

thick-section metal include: flexibility in depth of focus, high absorption of metal surfaces 

and possibility for fibre optic beam delivery. However, focusing of high brightness laser 

beams poses special requirements on the laser processing heads because of the potential 

power absorption on the optical elements which can cause a focus shift. The high beam 

quality of the fibre laser increases the requirements on the optical system of laser 

processing heads such that special cutting heads compared to those made for use with Nd: 

YAG lasers are required. The fibre laser is sensitive to contamination of optical elements 

i.e. lenses and cover slides 
58

. A laser induced focal shift caused by absorption of laser light 

results in a rise in local temperature of the used lenses and degradation of the beam quality 

occurs due to imperfections of the used lenses and intermediate optics such as beam 

splitters or protective glasses. This means that the M
2
 on the workpiece may not be the 

same as stated by the laser manufacturer especially for single mode beams with a very low 

M
2
. 

59
 Wedel suggested that the induced focus shift experienced during focusing of lasers 

with very high brightness can be prevented through prevention of dirt on optical elements 

by reducing interfaces visible to the user and protecting the interfaces using glasses, 

crossjets or monitoring components which can be easily changed and checked. 

Additionally the focus shift can be prevented by reducing the number of optical elements 

used or adapting the optical system to the laser beam parameters 
60

. 
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1.3 Motivation 

Cutting of sheet and plate metal using laser is widely performed in industry today. Steel 

and aluminium make a large proportion of the metal that is usually laser cut. The 

continuous development in available output power and beam quality of laser systems has 

enhanced an enlargement in the scope of industrial laser cutting applications to cover 

larger workpiece thickness. The CO2 laser has for long time been the laser of choice when 

considering thick-section metal cutting because of the availability of high power CO2 laser 

systems with high beam quality. On the contrary, the beam quality of the more traditional 

solid-state laser - the Nd: YAG laser - at high output power is not suitable for thick-section 

metal cutting. However, the emergence of the high power ytterbium fibre laser has opened 

application opportunities for solid-state lasers in the area of thick-section metal cutting that 

has for long been dominated by the CO2 laser. The high brightness, beam delivery through 

optic fibre, and higher absorptivity of the fibre laser radiation are some of the potential 

benefits for use of the fibre laser for thick-section metal cutting. However, like many new 

things in life require a learning period, it is also necessary to obtain good knowledge and 

understanding of the fibre laser cutting parameters for thick-section metal cutting in order 

to successfully tailor the cutting process to obtain a high cut quality.  

 

1.4 Research Objectives 

The purpose of this study is to investigate the performance of the high power ytterbium 

fibre laser in thick-section metal cutting and determine the appropriate processing 

parameters for  achievement of high cut quality.  This study also aims to establish the 

productivity benefit of using the ytterbium fibre laser over the CO2 laser for the cutting of 

thick-section metal by determination of the maximum achievable cutting speeds for a 

particular laser power.  

 

Following the global trends in laser development and growth, the new high brightness 

solid-state laser systems are raising optimism for new application possibilities for solid-

state lasers and productivity benefits at industry level. In order to increase the 

understanding of the application possibilities of the high brightness ytterbium fibre laser, 

this study explores the use of the high power ytterbium fibre laser for thick-section metal 

cutting.  

 

On the whole, this study aims to provide a comprehensive view of the performance of the 

ytterbium fibre laser in the cutting of thick-section metal and highlight the productivity 

benefits over the CO2 laser which has for long been the laser of choice in this application 

field. In order to achieve these objectives, the work in this thesis is accomplished through 

theoretical modelling of the main aspects of the laser cutting process and experimental 

investigations. 

 



27 

 

 

 

1.5 Structure of the Thesis 

This thesis consists of two parts. The first part of this thesis gives an overview of the 

dissertation and is comprised of 6 chapters.  The first chapter is an introduction to the study 

that presents the background of the study, high power fibre laser design, motivation, 

objectives of the study, and contribution of the thesis. Chapter 2 presents the theoretical 

background of the laser cutting of metal. The theoretical models of the laser power 

requirement for cutting of a metal workpiece and the melt removal rate are presented in 

chapter 3 and experimental investigations are covered in chapter 4. Chapter 5 presents a 

review of the research publications that constitute the second part of this thesis and the 

summary of the study findings. Chapter 6 presents the conclusions of the study and 

recommendations for future work. The second part of this thesis comprises of four research 

papers. The four different research papers are designed to give an articulate perspective of 

the performance of the high power ytterbium fibre laser in the area of thick-section metal 

cutting. 

 

1.6 Contribution of the Thesis 

The work presented in this thesis gives a novel analysis of the laser power requirement for 

cutting of thick-section steel using an oxidizing and an inert assist gas jet. This information 

is vital in estimating the laser power absorbed by the workpiece and can be used to 

estimate the absorptivity of the workpiece to the incident laser beam. The findings of this 

study can be used to evaluate the strengths and limitations of the ytterbium fibre laser over 

the CO2 laser for cutting of thick-section steel and medium-section aluminium. 

 

The efficiency of the melt removal from the cut kerf is evaluated through theoretical 

modelling of the melt flow velocity and melt film thickness under inert processing 

conditions with high assist gas pressure. A correlation is established between the modelled 

melt flow velocity and melt film thickness and the experimental boundary layer separation 

point on the cut edges under inert processing conditions. Based on this observation, the 

procedure for optimization of processing parameters for high cut edge quality in thick-

section stainless steel is designed.  

 

It has been established in the present work that the efficiency of melt removal from the cut 

kerf during laser cutting of a metal workpiece plays a very important role on the cutting 

performance and the resulting cut edge quality. In fact the use of the high brightness 

ytterbium fibre laser source for thick-section metal cutting gives credence to the opinion 

that the rate of melt removal from the cut kerf may now be a potential factor limiting the 

maximum workpiece thickness that can be cut rather than the required laser power.  
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2 THEORETICAL BACKGROUND OF LASER CUTTING OF METAL 

 

Laser beam cutting (LBC) is a process in which a high intensity focused laser beam is used 

to melt and possibly vaporize the workpiece along the traverse contour and a pressurized 

assist gas jet is used to eject the molten or vaporized layer. The cut separating the 

workpiece (known as the kerf) is created by the relative motion between the incident laser 

beam and the workpiece. The principle components of the laser cutting system include the 

laser which generates the used laser beam, the beam guidance train (i.e. fibre optics or 

mirrors), the laser cutting head which consists of the focusing optics and assist gas nozzle 

assembly, and the workpiece handling equipment. A schematic illustration of the laser 

cutting head and workpiece is shown in Figure 7. 

 

 

 
 

 

Figure 7. A schematic illustration of the laser cutting head and workpiece 

 

 

The laser cutting process is initiated and carried on through the interaction of the incident 

laser beam with the workpiece material. The pressurized assist gas jet also plays a 

paramount role in the laser cutting process by ejecting the melt layer from the cut kerf and 

in the case of an active assist gas, igniting an exothermic oxidation reaction which adds 

energy to the cutting zone. In view of the various factors that influence the laser cutting 

process, an analysis of the laser cutting of metals is presented in the following sections. 

 

2.1 Laser Beam – Material Interaction  

The laser cutting process is characterized by energy thresholds due to the fact that a 

characteristic temperature has to be reached in the material - i.e. melting and evaporation 
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temperatures - while energy is lost from the interaction zone by heat conduction to the 

substrate metal.  

 

When the focused high intensity laser beam radiation strikes the surface of a metal 

workpiece, some radiation is reflected, and some is absorbed. The photons of the incident 

laser beam radiation are absorbed by the free electrons in an electron gas (a process known 

as inverse bremsstrahlung effect). The absorbed energy sets the electrons in forced 

vibration motion which can be detected as heat. If sufficient laser energy is absorbed, the 

thermal vibrations become so intense that the molecular bonding is stretched so far that it 

is no longer capable of exhibiting mechanical strength resulting in melting of the metal at 

the interaction zone. And with higher incident laser intensity, the stronger vibrations cause 

the bonding to loosen further and the material evaporates 
2
. The flow of heat in the metal 

workpiece is described by Fourier’s law on heat conduction given as:  
 

)5.....(........................................dxdTKAq   
 

where q is quantity of heat absorbed, A surface area, K thermal conductivity, dT/dx 

temperature gradient. 

 

Absorptivity (also known as absorption coefficient) of the workpiece surface to the laser 

radiation is defined as the ratio of the laser power absorbed at the surface to the incident 

laser power. For an opaque material such as a metal, the absorptivity A is given 

as RA  1 , where R is the reflectivity of the workpiece surface. Absorptivity depends on 

the wavelength of laser radiation, plane of polarization of the light beam, angle of 

incidence, material type, and temperature and phase of the material 
6, 61, 62

. Absorption in 

metals increases going towards the visible and ultraviolet regions and decreases in going to 

longer infrared wavelengths. With vertical incidence ( 0incidenceofangle ), the beam 

component oriented parallel to the incidence plane ( PR ) and the normal component ( sR ) 

are absorbed equally. However, with increasing angle of incidence, the coefficient of 

reflectivity of the parallel polarized light ( PR ) decreases while that of the perpendicularly 

polarized light ( sR ) increases. There exists an angle of incidence known as Brewster angle 

where the coefficient of reflectivity of PR is lowest while the coefficient of reflectivity 

of sR is close to one. Consequently, the absorption coefficient of the parallel polarized light 

( PR ) increases with increase in angle of incidence and is highest at the Brewster angle 

while the absorption coefficient of the perpendicularly polarized light ( sR ) decreases with 

increase in angle of incidence. 
6, 62

. Absorptivity of the light beam by the metal workpiece 

generally increases when the material is heated to the melting temperature 
6, 61, 62

. 

However, a decrease in absorptivity with increasing temperature is also reported for 1µm 

wavelength light 
6
. 

 

Laser cutting of a metal workpiece is initiated by piercing of the workpiece with a focused 

incident laser beam to generate a melt surface throughout the workpiece thickness. 

Initiation of laser cutting of metals suffers from the effect of surface reflectivity which 
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limits the amount of laser energy coupled to the workpiece. Metals with high surface 

reflectivity - such as aluminium - require higher power intensity for cut initiation. The 

more energetic photons of the shorter wavelength radiation can be absorbed by a greater 

number of electrons such that the reflectivity of the metal surface falls and absorptivity of 

the surface is increased 
2
. It is not just the total power incident on the workpiece which 

creates the melt but it is primarily the power intensity at the focal point that enables 

melting of the workpiece at the applied cutting speed 
63

. The critical laser beam parameter 

that influences the focusability of the laser beam is the beam quality. A high quality laser 

beam – i.e. near diffraction limited beam quality – is essential for focusing of the incident 

laser beam to very high power intensities necessary for melting the workpiece at the 

focused point at the required high cutting speed. The laser beam quality generally degrades 

with increase in laser output power due to nonlinear effects in the laser cavity and the 

traditional solid-state lasers (Nd: YAG lasers) suffer more than the gas lasers e.g. CO2 

lasers. The thermal load on the active crystal of the solid-state lasers causes thermal 

lensing effects which greatly deteriorate the beam quality with increase in output power of 

the laser system. However, the improved cooling mechanisms in the fibre laser and disc 

laser (solid-state lasers) have enabled near diffraction limited beam quality to be realized at 

high output power 
2, 7

.  

 

The melting efficiency of a particular laser is the ratio of the absorbed laser power utilized 

in melting of the kerf volume to the total incident laser power. The melting efficiency 

increases with increase in the absorptivity. In this work the term melting efficiency is used 

in a similar manner as absorptivity regardless of the fact that some of the absorbed laser 

power is lost through conduction to the substrate material and not utilized in melting the 

kerf volume. 

 

Olsen 
64, 65

 described the mechanisms of the cutting front formation and identified zones 

that comprise the cutting front as the following: the melt surface which propagates through 

the material with a velocity that depends on the energy input, thermal properties of the 

workpiece material and the molten material removal mechanisms; the melt film; and the 

melt front. After cut initiation, the laser cutting process proceeds through absorption of the 

incident laser beam at the melt surface. There is a minimum melt film thickness necessary 

for transmission of the absorbed energy from the melt surface to the melt front.  The melt 

front velocity increases with increasing laser power intensity which enhances the 

penetration speed and the maximum temperature occurs below the material surface 
66

. This 

could be due to the multiple reflections that take place inside the thick-section cut kerfs 

and result in increased absorption of the incident laser beam towards the bottom of the cut 

kerf. Duan et al. reported that the multiple reflections within the cut kerf are a function of 

the cutting depth and angle of inclination of the cutting front and become more significant 

with increase in material thickness (> 3 mm) and cutting speed 
67

. The conduction power 

loss from the cutting front to the substrate metal increases - in an approximately linear 

manner - with increase in workpiece thickness. The conduction power loss decreases with 

increase in cutting speed. 
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2.2 Methods of Laser Cutting of Metal 

2.2.1 Vaporization cutting 

 

The principle of vaporization cutting relies on a high intensity focused laser beam to heat 

up the workpiece surface and raise its temperature to the boiling point until a keyhole is 

created. The keyhole causes an increase in the absorption of the laser beam due to the 

multiple reflections and the hole deepens quickly. The generated vapour escapes and 

induces a recoil pressure which also accelerates melt ejection from the cut kerf. The rate of 

penetration (V ) of the laser beam into the workpiece can be estimated using a lumped heat 

capacity calculation - assuming that heat conduction is negligible - as follows 
2
:  

 

   )6....(....................)( 00 TTCLLFV VPVm    

 

Where  V is rate of penetration of the laser beam; 0F is the absorbed laser power intensity 

given as wdAPF 0 , in which A  is the absorptivity or coupling coefficient, P is the 

incident laser power, w  is the kerf width, and d is workpiece thickness;  is workpiece 

density; mL is the latent heat of melting; VL is the latent heat of vaporization; PC is the 

specific heat capacity of the workpiece material; VT is the vaporization temperature; and 0T  

is the initial temperature of the workpiece.  

 

Vaporization laser cutting requires very high power intensity and is normally used with 

pulsed lasers 
62

. Vaporization laser cutting is sufficient for cutting of non-metals and very 

thin-section (< 1.0 mm) metal workpieces so that conduction losses from the cutting zone 

to the substrate metal can be considered negligible. In laser cutting of a metal workpiece, 

the conduction losses scale with workpiece thickness. In the cutting of thick-section metal 

workpieces, very high power intensity would be required to vaporize all the melted kerf 

volume as well as compensate for the high conduction losses and consequently part of the 

kerf volume is actually removed in the molten form rather than vaporized. 

 

2.2.2 Fusion cutting - melt and blow 

 

The fusion cutting process utilizes a focused high intensity laser beam to melt the kerf 

volume and a high pressure inert assist gas jet to blow the molten material out of the cut 

kerf 
2, 62

. A pure laser fusion cutting process does not require raising the melt temperature 

to boiling point and so a lower absorbed laser power can be used than in laser vaporization 

cutting. Assuming that all the absorbed laser power is used in melting the kerf volume 

before significant conduction occurs; the heat balance on the removed material can be 

expressed using a simple lumped heat capacity equation as follows 
2
:  

 

  )7........(....................mP LTCwdVAP    
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Where A is the absorptivity or coupling coefficient, P  is the incident laser power, w is the 

kerf width, d is the workpiece thickness, V is the cutting speed,  is the workpiece 

density, PC is the specific heat capacity of the workpiece material, T is the temperature 

rise to cause melting, and mL is the latent heat of melting.  

 

Equation 7 can be rearranged as: 

 

)8.......(....................))(()( mP LTCAwdVP    

 

In equation 8, the thermophysical properties of the workpiece material are constant while 

the kerf width, w  (a function of the focused spot diameter and to some extent cutting 

speed) and the coupling coefficient A  are functions of the used laser beam. Consequently, 

the group )( dVP  in equation 8 - which is the energy per unit area in 
2/ mJ - is constant 

for fusion cutting of a given material with a given laser beam.  

 

Laser cutting of stainless steel and aluminium is often performed using an inert assist gas 

jet (usually nitrogen) to give clean unoxidized cut edges which do not require any cleaning 

operation but with lower cutting speeds compared to the use of an active (oxygen) assist 

gas.  

 

2.2.3 Reactive fusion cutting 

 

In reactive fusion cutting, an active assist gas jet capable of reacting exothermically with 

the molten material is used and acts as another heat source to the cutting process 
2, 62

. 

During the reactive fusion cutting process, the active assist gas jet (usually oxygen or 

compressed air) passing through the cut kerf plays two important roles, namely exerting 

the necessary thrust to blow the molten material out the cut kerf, and also reacting 

exothermically with the melt thus providing additional heat to the cutting process. The 

incident laser beam melts the workpiece and ignites and carries on the exothermic reaction 

between the molten material and the active gas jet. The additional heat added by the 

exothermic reaction enables higher cutting speeds to be achieved than in the fusion cutting 

process which uses an inert assist gas jet. The amount of energy supplied by the 

exothermic reaction varies with the material; with mild steel and stainless steel it is about 

60% of the energy used for cutting, and with a reactive metal like titanium it is around 

90% 
2
.  

 

The most productive method in industry for laser cutting of low alloy steel is to use oxygen 

or compressed air as the assist gas jet. However, the downside of this process is the 

presence of the oxide layer on the cut edge which may influence the final quality during 

further processing operations e.g. welding or painting. The oxide layer may require to be 

removed in a cleaning operation prior to further processing of the part. 
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2.3 Laser Cutting Parameters 

The quality of the laser cutting process – and consequently the resulting cut edge quality – 

is governed by a number of parameters related to the laser system, material, and the 

process 
2 

(see Figure 8). The laser system parameters include the wavelength of the laser 

radiation, maximum output laser power, and laser beam quality; the material parameters 

include the material type and thickness; and the processing parameters include the used 

laser power, cutting speed, focal length of the focusing lens, focal point position relative to 

workpiece top surface, type and pressure of assist gas, nozzle diameter, and nozzle stand-

off distance. For the cutting of a specific material and workpiece thickness using a 

particular laser system, the processing parameters can be altered by the operator so as to 

optimize the cutting process and obtain high cut quality at a high cutting speed for high 

productivity. The laser system parameters - which are characteristics of the used laser 

system - can not be modified by the operator. 

 

 
 

Figure 8.  Laser cutting parameters 



34 

 

 

 

 

The used laser power determines the maximum cutting speed that can be applied for 

cutting of a given workpiece thickness. The power balance at the cutting front is such that 

part of the absorbed laser power is utilized in melting the kerf volume and part of it is lost 

from the cutting zone through heat conduction to the substrate metal. As cutting speed is 

increased, penetration of the workpiece may not be achieved at the cutting speeds beyond 

the maximum achievable cutting speed for the used laser power.  

 

The focal length of the focusing lens determines the minimum focused spot size essential 

for high power intensity required for laser cutting of a metal workpiece. The relationship 

between the lens focal length and the focused spot diameter is defined as 
7
:    

       

)9.....(........................................
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D

f
d f   

 

Where fd is the focused spot diameter, f is the focal length of the focusing lens, D is the 

raw beam diameter on the focusing lens, and BPP  is the Beam Parameter Product of the 

incident laser radiation. 

 

The focal length also determines the depth of focus which is the effective distance over 

which the minimum focused beam diameter is maintained. The depth of focus is the 

distance over which satisfactory cutting can be achieved. The relationship between the lens 

focal length and the depth of focus is given as 
7
: 
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Where Zd  is the depth of focus, f is the focal length of the focusing lens, D is the raw 

beam diameter on the focusing lens, and BPP  is the Beam Parameter Product of the 

incident laser radiation. 

 

The use of a shorter focal length lens for focusing of the incident laser beam gives a 

smaller focused spot size with high power intensity but with a smaller depth of focus, 

consequently a longer focal length may be necessary in some applications where a longer 

depth of focus is essential for good cut edge quality like in thick-section metal cutting.  

 

The focal point position is the location of the minimum focused spot size relative to the 

workpiece top surface and affects the laser power intensity on the workpiece. There is an 

optimum focal point position - for a particular workpiece thickness - which produces 

minimum cut edge surface roughness and minimum dross attachment on the lower cut 

edge. There are also focal point positions where cutting through the material can not be 

achieved because of the reduced power intensity on the workpiece.  
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The principle role of the inert assist gas jet - e.g. nitrogen or argon - during laser cutting of 

a metal workpiece is to accelerate and expel the molten layer from the cut kerf. The use of 

an active assist gas jet (usually oxygen) for laser cutting of a metal workpiece influences 

the energy balance at the cutting zone. The oxygen gas jet plays two major roles during the 

laser cutting process, firstly the oxygen gas reacts exothermically with the molten metal 

resulting into energy addition to the cutting zone, and secondly the oxygen gas jet exerts 

the necessary thrust required to eject the oxidized melt from the cut kerf.  

 

The nozzle delivers the assist gas jet to the cutting front. The design of the nozzle orifice 

determines the shape of the cutting gas jet at the cutting front and influences the efficiency 

of melt ejection. The nozzle stand-off distance is the distance between the nozzle and the 

workpiece top surface. The nozzle stand-off distance influences the gas flow dynamics at 

the entrance of the cut kerf and consequently influences the gas flow patterns at the cutting 

front. The gas flow patterns at the cutting front have a strong bearing on the resulting cut 

edge quality especially during high pressure inert gas assisted laser cutting 
70-72

. 

 

The maximum achievable cutting speed at a given laser power level and the resulting cut 

edge quality are governed by the selection of appropriate processing parameters. The 

choice of practical processing parameters for a particular material and workpiece thickness 

depends on the cut edge quality desired, and the cutting speed required. Optimization of 

the processing parameters enables high cutting speeds to be achieved and also enhances the 

melt removal from the cut kerf so as to prevent the undesired dross adherence on the lower 

cut edge and reduce the cut surface roughness. The current trend is towards improving cut 

edge quality while maintaining a high cutting speed through adaptive control of processing 

parameters.  

 

2.4 Laser Cut Quality Characteristics 

The characteristics of the laser cut edge that can be used to define the laser cut quality 

include: the cut kerf width, dross attachment on the lower cut edge, cut edge squareness 

deviation (perpendicularity), cut edge surface roughness, and boundary layer separation 

point. These characteristics are explained in detail in the following sections. 

 

2.4.1 Cut kerf width 

 

The kerf is the cut slot that is formed during through-thickness cutting 
62

. The cut kerf 

width is the distance separating the two cut surfaces of the cut slot (see Figure 9) and 

represents the amount of material removed during the laser cutting process. The cut kerf 

width depends on the focused spot size, laser power, and to some extent cutting speed 
2
. 

The cut kerf width is also affected by the oxygen pressure during laser cutting of mild steel 

using oxygen assist gas. The dynamic nature of the erratic exothermic oxidation reaction 

produces an irregular cut kerf width and deep grooves (striations) on the cut edge. A 

relatively uniform cut kerf width is formed during laser cutting of steel using an inert assist 
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gas jet and the striations formed on the resulting cut edges can be associated with the melt 

flow mechanism and the moving melting front. 

 

 
 

Figure 9. Cut kerf width in 15 mm mild steel (4 kW laser power, 1.0 bar oxygen, 1.0 

m/min cutting speed, 254 mm focal length, and focal point position (a) 12 mm below 

workpiece top surface, (b) 4 mm above workpiece top surface). 

 

2.4.2 Dross attachment 

 

Dross is the part of the melted material that is not completely ejected from the cut kerf but 

resolidifies and remains firmly attached to the lower cut edge 
62

 (see Figure 10). The 

formation of adherent dross is closely related to the properties of the melt flow and the 

geometrical shape of the lower edge of the melting front 
73

. Molten metals with high values 

of surface tension and viscosity are more difficult to eject from the cut kerf by the assist 

gas jet and can result in adherent dross on the lower cut edge. 
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Figure 10. Dross attachment on the lower cut edge of 10 mm stainless steel (4 kW laser 

power, 16 bar nitrogen, 1.0 m/min cutting speed, 254 mm focal length, and focal point 

position 5 mm below workpiece top surface). 

 

2.4.3 Cut edge squareness (perpendicularity) deviation 

 

The cut edge squareness (perpendicularity) deviation, u is the greatest perpendicular 

distance between the actual surface and the intended surface
 62

 (see Figure 11). The ranges 

for the classification of perpendicularity tolerances shown in Figure 12 are provided in the 

standard for thermal cuts (SFS-EN ISO 9013:2002) 
74

. The smallest perpendicularity 

tolerance - corresponding to range 1 - is desired. 

 

 
 

Figure 11. Squareness (perpendicularity) deviation, u of a vertical cut; a is the workpiece 

thickness and  a is the thickness reduction for determination of perpendicularity tolerance 
74

. 
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Figure 12. The ranges (1-5) for the classification of the perpendicularity tolerance, u 
74

. 

 

2.4.4 Cut edge surface roughness 

The cut edge surface roughness is the unevenness or irregularity of the cut surface profile 

which is observed as striations on the cut edge like those shown in Figure 13. The 

dynamical behaviour of the laser cutting process affects the shape of the cutting front and 

the melt flow mechanism resulting in the formation of striations on the cut edge 
73

. The 

mean height of the profile (average value of roughness), Rz, measured in micrometers is 

used in quality classification 
62

. The ranges for the classification of the mean height of the 

profile shown in Figure 14 are provided in the standard for thermal cuts (SFS-EN ISO 

9013)
 74

. The lowest mean height of the profile (range 1) gives the best cut quality in terms 

of the cut edge surface roughness. 
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Figure 13. The striations on the 15 mm mild steel cut edge (4 kW laser power, 1.8 bar 

oxygen, 0.8 m/min cutting speed, 190.5 mm focal length, and focal point position 4 mm 

above workpiece top surface). 

 

 

 

 
 

 

Figure 14. The ranges (1-4) for the classification of the mean height of the profile, Rz 
74

. 
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2.4.5 Boundary layer separation point (BLS) 

 

In inert gas assisted laser cutting of thick-section metal, there is a tendency for appearance 

of a boundary layer separation point on the cut edge depending on the process parameters. 

The boundary layer separation point (Figure 15) is the depth where the flow separates from 

the solid kerf wall and the melt flow regime transitions from a laminar boundary layer flow 

to a turbulent boundary layer flow. The location where the melt flow separates from the 

solid kerf wall depends strongly on the velocity and thickness of the melt 
73

. Flow 

separation occurs when the mainstream flow decelerates in the flow direction and the static 

pressure in the mainstream increases in the flow direction according to the Bernoulli’s 

equation (i.e. conservation of energy) 
68, 69

. In laser cutting, more molten material is added 

to the melt layer as the melt flow progresses down the kerf; and the viscous shear in the 

boundary layer continuously retards the melt streamlines in the boundary layer, especially 

in the regions close to the solid kerf wall, causing a deformation of the velocity profile in 

the boundary layer. At some downstream location along the kerf wall (called separation 

point), the velocity of the streamlines close to the kerf wall becomes zero and the melt 

layer thickens rapidly in order to satisfy continuity within the layer. Downstream of the 

separation point, the fluid near the kerf wall starts moving in an upstream direction pushing 

the boundary layer and the mainstream flow away from the kerf wall (see Figure 15) 

 

 

 
 

Figure 15. Boundary Layer Separation Point (BLS) in 10 mm stainless steel (4 kW laser 

power, 4 bar nitrogen, 1.0 m/min cutting speed, 190.5 mm focal length, and focal point 

position 8 mm below workpiece top surface). 
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3 THEORETICAL MODELING OF LASER CUTTING OF METAL 

Theoretical models were developed in this study to examine the laser power requirement 

and the melt removal rate during laser cutting of a steel workpiece under inert and 

oxidizing processing conditions. In Publication 1, the laser power requirement was 

calculated and compared with the used incident laser power in the experimental 

investigations. And in Publication 2, the melt flow velocity and melt film thickness were 

calculated and correlated with the location of the boundary layer separation point (BLS) in 

the experimental results in order to identify the processing conditions that enhance a high 

melt removal rate. The theoretical consideration is summarized in this chapter. 

 

3.1 Laser Power Requirement 

The melt film is generated by the melting action of the absorbed laser power from the 

incident focused high intensity laser beam and the oxidation reaction power (in case of 

oxygen assist gas). The generated melt film is then sheared and blown away from the 

cutting zone by the action of the pressurized assist gas jet - acting coaxially with the laser 

beam - to create the cut kerf. The cut kerf generated during laser cutting is shown 

schematically in Figure 16. 

 

 

 
 

Figure 16. A schematic of the laser cut kerf; w is the cut kerf width, d is the workpiece 

thickness, and v is the cutting speed. 

 

3.1.1 Laser cutting of metal using an active assist gas jet 

 

The power balance at the cutting front for steady-state laser oxygen cutting of a steel 

workpiece using an oxidizing assist gas jet is given in equation 11. The proportion of the 

kerf volume that is vaporized was considered to be negligible because thick-section metal 
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cutting is considered in this analysis. Vaporization of the kerf volume is minimal during 

thick-section metal cutting due to the high conduction losses which scale with workpiece 

thickness. 

 

)11.........()( LossmPRL PLTCwdVPAP    

 

where A  is the absorptivity of the workpiece to the incident laser radiation, LP  is the 

incident laser power, RP  the reaction power provided by the exothermic oxidation reaction, 

  is the workpiece material density, w  is the cut kerf width, d  is the workpiece 

thickness, V  is the cutting speed, PC  is the specific heat capacity of the workpiece 

material,  T  is the temperature change of the melted kerf volume, mL  is the latent heat of 

melting, and LossP  is the conductive power loss to the substrate metal. 

 

It is assumed in this analysis that all the generated melt is oxidized into FeO and is 

removed in the molten state through the bottom of the cut kerf. Powell et al. argued that the 

FeO generated in laser-oxygen cutting of mild steel does not boil because it does not have 

a gas phase but would dissociate when heated to high temperatures of which the 

dissociation process consumes much energy and could lead to a collapse of the cutting 

process 
75

. 

 

The conduction power losses to the substrate metal are considered as the only significant 

means of power loss from the cutting zone while the convection and radiation power losses 

are considered to be negligible. The heat conduction from the cutting zone to the substrate 

metal in the cutting direction is regarded as power utilized for cutting and the melt/solid 

interface is at the melting temperature throughout the cut thickness. Therefore, the 

conduction power loss from the cutting zone to the substrate metal is considered to be only 

due to the temperature gradient on the kerf walls.  

 

When a cut slot is made in a workpiece of thickness d at a cutting speed V and the cut slots 

are made at a distance L from each other, the conductive power loss, LossP , to the substrate 

metal is given as: 

 

)12......(....................)(2 VLdTCP LossPLoss    

 

Schulz et al. 
76

 developed an analytical approximation of the heat conduction losses during 

laser cutting of metals and provided an expression for the temperature change, LossT , 

which is used here to estimate the temperature change in the substrate metal as:   
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The boundary separating the molten kerf volume and the solid kerf walls is at the melting 

isotherm so that the kerf walls are at the melting temperature mT  and the edges of the 

workpiece are at the ambient temperature ambT  (room temperature 298 K).  

 

The Peclet number, Pe, is given by: 

)14......(..................................................0



Vr
Pe   

 

0r  is the distance from the beam centre to the kerf walls, V is the cutting speed, and   the 

thermal diffusivity.  

 

The reaction power RP  is estimated from the power 
2OP made available by the oxygen flow 

into the interaction zone or from the power FeP  made available by the molten iron flow into 

the interaction zone 
6
. The minimum value of these two powers is the maximum reaction 

power added to the cutting process by the exothermic oxidation reaction because the 

reaction is limited by the flow rate of the rarer type of reactant (either oxygen or iron).  

 

The reaction powers 
2OP and FeP  are estimated using equations 15a and 15b. 
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2Ov is the oxygen velocity, 
2O  is the oxygen density, OXE  is the energy per single 

oxidation reaction, 
2Om is the molar mass of oxygen, and Fem  is the molar mass of iron.   

 

During the laser cutting process, only a small proportion of the oxygen jet is consumed in 

the reaction, part of it is lost across the top surface of the workpiece or down the backside 

of the kerf and the rest is used as thrust to blow the melt out of the cut kerf. And 

approximately 50% of the molten iron reacts with the oxygen in the cut kerf to form FeO. 

 

3.1.2 Laser cutting of metal using an inert assist gas jet 

 

The power balance contributions during inert gas assisted laser cutting of metal include the 

absorbed laser power as the only incoming power contribution to the cutting zone.  For a 

pure fusion cutting process where the kerf volume must only be melted but not vaporized, 

the power balance at the cutting front is given in equation 16. Thick-section metal cutting 

is considered in this analysis whereby vaporization of the kerf volume is minimal due to 

the high conduction losses. 
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where A  is the absorptivity of the workpiece to the incident laser radiation, LP  is the 

incident laser power,   is the workpiece material density, w  is the cut kerf width, d  is 

the workpiece thickness, V  is the cutting speed, PC  is the specific heat capacity of the 

workpiece material,  T  is the temperature change of the melted kerf volume, mL  is the 

latent heat of melting, and LossP  is the conductive power loss to the substrate metal. 

 

The conductive power loss from the cutting zone to the substrate metal is estimated using 

equations 12-14 in section 3.1.1. 

 

3.2 Rate of Melt Removal from the Cut Kerf 

The melt flow velocity and the melt film thickness are modelled in this study. The molten 

layer is continuously sheared and accelerated down the cut kerf by the pressurized assist 

gas jet thus maintaining a minimum melt film thickness at the cutting front. As the laser 

cutting process progresses, the entire melt surface is in contact with the gas jet as shown in 

the schematic representation of the laser cutting front in Figure 17. The x - axis is directed 

in the cutting direction, y is the coordinate perpendicular to the cutting front and z 

coordinate is along the cut depth. 

 

 
 

Figure 17. A schematic representation of the laser cutting front  
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3.2.1 Melt flow velocity 

 

By applying the principles of conservation of mass and momentum to the boundary layer 

flow, the expression for the melt flow velocity can be obtained. The melt ejection from the 

laser cut kerf is mainly driven by the shear force at the gas/melt interface and the pressure 

gradient. The melt flow velocity profile across the melt layer from one kerf wall to the 

other kerf wall is presented in Figure 18. The cut kerf width is very small (< 1.0 mm) and 

the melt layer has a high viscosity so that the boundary layer can be assumed to cover the 

entire kerf. Therefore, the maximum melt flow velocity is at the centre of the cut kerf and 

the boundary layer thickness can be taken to be equal to half the kerf width. The melt 

velocity, )(yuZ
, in the boundary layer increases from zero at the kerf walls where 0y  to 

maximum velocity U at the centre of the kerf where 2/wy  .  

 

 
 

Figure 18. Melt flow velocity profile in the boundary layer ( w  is kerf width)  

 

 

The melt flow velocity profile is developed in Publication 2 as: 
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And the maximum melt flow velocity U  at the gas/melt interface is: 
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where  is the gas viscosity,   is the melt kinematic viscosity, g  is the gas density, gU  

is the characteristic gas velocity inside the cut kerf, d  is the workpiece thickness, and w  is 

the kerf width. 

 

3.2.2 Melt film thickness 

For a steady laser cutting process, the mass balance between the rate of melting and the 

rate of melt removal from the cut kerf is given by:  

 

)19....(....................wtuwdV m   

 

where   is melt density, V  is the cutting speed, d  is the workpiece thickness, w  is the 

kerf width, 
mu is the mean melt flow velocity, and t  is the melt film thickness.  

 

Considering a melt film of unit thickness, the total flow Q  is given by: 
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And the mean melt velocity, 
mu  averaged across the cut kerf is: 
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The melt film thickness t  is: 
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3.2.3 Separation and transition of melt flow 

 

The separation and transition of flow depends on the pressure gradient in the cut kerf 

(Figure 19). A laminar boundary layer flow - in which the melt particles move in smooth 

streamlines - exists under conditions of zero external pressure gradient (i.e. 0/  zP ) 

such that the velocity gradient, yuZ  / , takes the preferential general form in which 

yuZ  /  is greatest at the kerf wall and falls steadily to zero at the outer edge of the 

boundary layer (i.e. at the melt/assist gas interface). Under conditions of extreme adverse 

pressure gradient 
77

 in the cut kerf (i.e. 0/  yP ), the velocity profile )(yuZ  becomes 

increasingly distorted until the velocity gradient at the kerf wall 0)/( yuZ  becomes zero 
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and the melt flow separates from the kerf wall. There will be a back-flow adjacent to the 

kerf wall downstream from the separation point and the laminar boundary layer flow 

transitions into a turbulent boundary layer flow in which the melt particles move in random 

paths. The transition to turbulent flow in the boundary layer can also occur when the 

disturbances in the laminar boundary layer become amplified until turbulence is developed. 

These disturbances in laser cutting may be caused by fluctuations in processing parameters 
73

. 

 

During laser cutting of a metal workpiece using an inert assist gas jet, the retardation of 

melt streamlines in the boundary layer due to the viscous shear in the boundary layer can 

result in flow separation as the melt layer thickens rapidly in order to satisfy continuity 

within the layer. And the point along the cut edge where this occurs is referred to as the 

boundary layer separation point (BLS). 

 

 

 
 

Figure 19. Effect of pressure gradient on the flow velocity profile and separation.  
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4 EXPERIMENTAL INVESTIGATIONS 

In order to achieve the objectives of this study, experimental investigations were 

performed using the high power ytterbium fibre laser. The cutting tests were specifically 

designed to investigate four research problems concerning the laser cutting of thick-section 

metal. These research problems are outlined below:  

 

(i) The laser power requirement for cutting of a steel workpiece and the effects of 

processing parameters on the energy balance at the cutting zone and the 

resulting cut edge quality in laser oxygen cutting of mild steel. 

 

(ii)  The processing parameters that influence the rate of melt removal during laser 

cutting of thick-section stainless steel using an inert assist gas jet. 

 

(iii) The different categories of cut edge quality for different combinations of cutting 

speed and laser power.  

 

(iv) The requirements for optimization of cut edge quality during laser cutting of thick-

section stainless steel using an inert assist gas jet. 

 

The results of these experimental investigations are outlined in the review of publications 

presented in chapter 5 and are reported extensively in the research papers that make up the 

second part of this thesis.  

 

4.1 Specifications of the Used Laser System 

The main laser equipment used in this study was the solid-state ytterbium fibre laser 

(model YLR - 5000 - S) manufactured by IPG Photonics (see Figure 20) and delivering 

output power in the range of 40 W – 5000 W at CW mode with emission wavelength of 

1070 – 1080 nm.  This laser system is compact having dimensions (W x D x H) of 856 x 

806 x 1482 mm and weight of 450 kg. 

 

The laser beam generated by the ytterbium fibre laser was transferred to the cutting head 

via the 100 µm and 150 µm diameter optical fibres. The nominal beam parameter product 

was 4.2 mm.mrad when a 100 µm optical fibre was used for beam delivery and 5.2 

mm.mrad when the 150 µm diameter optical fibre was used. The cutting head was a 

standard Precitec cutting head Hp1.5 YW50 (shown in Figure 21) for thick-section flat 

cutting and suitable for high pressure cutting. The optical system consisted of a 100 mm 

collimation lens and a focusing lens. The focusing lens was changed for different cutting 

tests and consequently focusing lenses with focal lengths of 127 mm, 190.5 mm, and 254 

mm were used in separate cutting tests. All cutting tests were made with a CN-controlled 

workstation. The working area (XxYxZ) of the workstation was 11.7 m x 2.7 m x 1.2 m 

and the acceleration of the workstation was less than 0.5 G with a maximum achievable 

speed of 20 m/min. 
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Figure 20. The ytterbium fibre laser IPG YLR- 5000 - S (IPG Laser GmbH) 

           

 
 

Figure 21. Laser cutting head (Precitec HP1.5 YW50) 
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A comparison of the laser power requirement for cutting a mild steel and stainless steel 

workpiece using the ytterbium fibre laser and the CO2 laser was made. For that purpose a 

Trumpf CO2 laser (TruLaser 3530) delivering a maximum output power of 4000 W with a 

nominal Beam Parameter Product of 6.5 mm.mrad was also used in this study.   

 

4.2 Test Materials 

The test materials used in this study included: Aluminium alloy AA 5754 (EN AW 5754) 

of 4 mm thickness, Austenitic stainless steel AISI 304 (EN 1.4301) of 10 mm thickness 

and mild steel Laser 355MC (EN 10149-2) of 15 mm thickness. In this study the 

workpiece thickness is defined in two categories: medium section is 2 mm - 6 mm and 

thick section is above 6 mm. Therefore thicknesses of the test workpieces investigated in 

this study are categorized as medium section for the aluminium workpiece of 4 mm 

thickness, and thick section for the stainless steel and mild steel workpieces of 10 mm and 

15 mm thickness respectively. The typical chemical compositions of the test materials are 

given in Table 1.  

 

            Table 1. Typical chemical compositions of test materials (wt-%) 
78-80

 

 

Aluminium AA 5754 (EN AW 5754) 

Mg Mn Si Fe Al 

2.6-3.2 0.50 0.40 0.40 Balance 

 

Austenitic Stainless Steel AISI 304 (EN 1.4301) 

C Cr Ni Fe 

0.04 18.1 8.3 Balance 

 

Mild Steel Laser 355MC (EN 10149-2) 

C Si Mn P S Al Fe 

0.12 0.03 1.50 0.020 0.015 0.015 Balance 

 

 

4.3 Experimental Procedure 

The test workpieces of dimensions 200 mm x 150 mm were prepared from the large plates 

that were delivered. Straight line cut slots were made at a distance of approximately 10 mm 

from each other as illustrated in Figure 22. A conical nozzle tip was used to deliver the 

assist gas jet to the cutting zone. Nitrogen was used as the assist gas for cutting of 

aluminium and stainless steel while oxygen was used for the cutting of mild steel.  
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Figure 22. The experimental procedure 

 

4.4 Processing Parameters 

Each set of the processing parameters given in the following sections were designed to 

address the research problems that are outlined at the beginning of this chapter and the 

results of these experimental investigations are reported in the publications that comprise 

part two of this thesis. 

 

4.4.1 Laser power requirement 

 

This experimental investigation was designed to examine the laser power required for 

cutting at different cutting speeds. The ytterbium fibre laser described in Section 4.1 was 

used to perform the cutting tests. For the purpose of the comparison of the laser power 

requirement for cutting a mild steel and stainless steel workpiece using the ytterbium fibre 

laser and the CO2 laser, a Trumpf CO2 laser (TruLaser 3530) delivering a maximum output 

power of 4000 W with a nominal Beam Parameter Product of 6.5 mm.mrad was also used 

in this experimental investigation.   
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The tested materials were 10 mm austenitic stainless steel AISI 304 (EN 1.4301) 

workpiece and 15 mm mild steel Laser 355MC (EN 10149-2) workpiece. Cutting of mild 

steel was performed using oxygen as assist gas and stainless steel cutting was performed 

using nitrogen as assist gas. The levels of the processing parameters are given in Table 2. 

The effects of the processing parameters - i.e. cutting speed, assist gas pressure and nozzle 

diameter - on the rate of the oxidation reaction and the resulting cut edge quality in oxygen 

assisted laser cutting of mild steel using the ytterbium fibre laser were also examined. 

Physical observations of the cut edge features such as dross attachment and kerf width 

variation were used to determine the cutting conditions that increased the rate of the 

exothermic oxidation reaction and consequently increased the reaction power addition to 

the cutting process. 

 

           Table 2. Processing parameters for laser power requirement studies 

Parameter Units Value Increment 

Laser power kW 1 - 5
 

1 

Nominal  BPP 

       Fibre Laser 

       CO2 Laser 

mm.mrad 

 

 

 

5.2 

6.5 

 

- 

- 

Beam delivery fibre diameter µm 150 - 

Focal length mm 190.5 - 

Minimum focused spot diameter mm 0.3 - 

Cutting speed m/min 0.2 - 2.0 0.2 

O2 pressure bar 0.2 - 1.2 0.2 

N2 pressure bar 18 - 

Nozzle diameter 

          Mild Steel  

          Stainless steel 

mm 

 

 

1.7 and 2.0 

2.3 and 2.5 

- 

- 

Nozzle Stand-off distance 

          Mild Steel 

          Stainless Steel 

mm 

 

 

1.0  

0.5 

- 

- 

Focal point position* 

          Mild steel 

          Stainless steel 

mm 

 

 

-10 and -12 

-8 

 

- 

- 

 

*: + focal point position located above the workpiece top surface 

     - focal point position located below the workpiece top surface 

 
              

4.4.2 Characterization of the melt removal rate 

 

The laser cut quality is highly affected by the efficiency of melt removal from the cut kerf. 

The efficiency of melt removal from the cut kerf increases with increase in the melt 

removal rate. The cut edge features such as attachment of dross and boundary layer 

separation point (BLS) can be used to characterize the melt removal rate and determine the 
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cutting conditions which enhance the rate of melt removal from the cut kerf. This 

experimental investigation is performed using the ytterbium fibre laser having the 

characteristics described in Section 4.1. The tested material is austenitic stainless steel 

AISI 304 (EN 1.4301) of 10 mm plate thickness and the levels of processing parameters 

employed are given in Table 3. The effects of the cutting speed, focal point position, assist 

gas pressure, and nozzle diameter on the melt removal rate - characterized by the boundary 

layer separation point (BLS) and dross attachment - are investigated. 

 

 

        Table 3. Processing parameters for melt removal rate studies 

Parameter Units Value Increment 

Laser power kW
 

2 - 5 1 

Nominal BPP mm.mrad 5.2 - 

Beam delivery fibre diameter µm 150 - 

Focal length mm 190.5 - 

Minimum focused spot diameter mm 0.3 - 

Cutting speed m/min 0.2 - 1.8 0.2 

Nozzle diameter mm 1.0 - 2.5 0.5 

Nozzle stand-off distance mm 0.5 - 1.2 0.2 

Assist gas pressure (N2) bar 4 - 20 2 

Focal point position* mm +6 to - 10 2 

 

*: + focal point position located above the workpiece top surface 

    - focal point position located below the workpiece top surface 

 

 

4.4.3 Categorization of cut edge quality 

 

The cut edge features such as attachment of dross and striation pattern can be used to 

categorize the cut edge quality obtained with different combinations of processing 

parameters. This experimental investigation was designed to define the different regions of 

cut edge quality obtained with different combinations of laser power and cutting speed. 

The tested materials were aluminium alloy AA 5754 (EN AW 5754) of 4 mm sheet 

thickness and austenitic stainless steel AISI 304 (EN 1.4301) of 10 mm plate thickness. 

The laser cutting tests were performed using the ytterbium fibre laser described in Section 

4.1 and a high pressure nitrogen gas jet was used as assist gas.  The process parameter 

levels employed are given in Table 4. The maximum cutting speed for each power level 

was specified as the maximum cutting speed that could separate the material. With each 

power level the cutting speed was varied with steps of 0.1 m/min in case of stainless steel 

and 0.2 m/min in case of aluminium until the speed giving best quality was achieved.  
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         Table 4. Processing parameters for cut edge quality studies 

Parameter Units Value Increment 

Laser power kW 1 - 5 1 

Nominal BPP mm.mrad 4.2 - 

Beam delivery fibre diameter µm 100 - 

Focal  length mm 127 and 190.5 - 

Minimum focused spot diameter mm 0.16 and 0.24 - 

Gas pressure (N2) bar 6 - 22 2 

Nozzle diameter mm 1.5 - 2.5 0.5 

Nozzle stand-off distance mm 0.5 - 

Focal point position* mm +8 to -12 2 

Cutting speed 

Aluminium 

Stainless steel 

 

m/min 

m/min 

 

0.2 - 10.8 

0.1 - 1.5 

 

0.2 

0.1 

 

*: + focal point position located above the workpiece top surface 

 - focal point position located below the workpiece top surface 

 

 

4.4.4 Optimization of processing parameters 

 

An elaborate investigation of the effects of processing parameters on the resulting cut edge 

quality in stainless steel was demonstrated in these experimental investigations. The 

processing parameters that were chosen to be optimized for achievement of high cut edge 

quality included the cutting speed, focal point position, and focal length. Figure 23 shows 

the levels of the processing parameters that were optimized in the cutting of a 10 mm 

stainless steel AISI 304 (EN 1.4301) workpiece using the ytterbium fibre laser described in 

Section 4.1. The focal point position was defined as positive (+) when the minimum 

focused spot size was located above the workpiece top surface and negative (-) when the 

minimum focused spot size was located below the workpiece top surface. The laser power 

of 4 kW, nitrogen assist gas pressure of 20 bar, coaxial conical nozzle tip of 2.5 mm 

diameter, and nozzle stand-off distance of 0.7 mm were chosen as constant factors. The 

fibre laser beam employed in these cutting tests had a nominal BPP of 5.2 mm.mrad. A 

beam delivery fibre of 150 µm diameter was used to deliver the beam to the cutting head; 

and the minimum focused spot size was 0.3 mm for the 190.5 mm focal length and 0.4 mm 

for the 254 mm focal length. 
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Figure 23. Optimization of processing parameters 

 

4.5 Cut Edge Quality Measurements 

The cut edge quality of the cut samples was examined by visual inspection and 

measurement of the cut edge quality features, namely cut kerf width, boundary layer 

separation point (BLS), cut edge squareness (perpendicularity) deviation, and cut edge 

surface roughness as output quality factors.   

 

An optical microscope connected to a digital camera was used to capture digital images of 

the cut kerfs and cut edges from which the cut kerf width and boundary layer separation 

point were measured using the UTHSCSA ImageTool program. The cut edge squareness 

(perpendicularity) deviation was also measured from the captured digital images of the cut 

edge cross section using the mechanical desktop program. The measurement of the cut 

edge surface roughness was performed on the physical cut samples according to ISO 

standard using a Mitutoyo stylus instrument (SurfTest SJ-201 Ver3.10). The cut-off length 

was 2.5 mm and total measurement length was 7.5 mm. The mean height of the profile Rz 

was used in the cut edge surface roughness measurement like suggested in the standard for 

thermal cuts SFS-ISO EN 9013: 2002 [73]. The measurement values of the cut edge 

squareness deviation and cut edge surface roughness were categorized according to the 

ranges given in the standard for thermal cuts SFS-ISO EN 9013: 2002. The condition that 

the smallest value of each output quality factor corresponds to the best cut edge quality 

was adopted in the evaluation of the cut edge quality. 

 

Physical observation of the cut edges was used to examine the level of dross attachment for 

different cutting conditions. Additionally X-Ray Dispersion analysis was used to examine 

the level of oxidation of the melt by analysing the chemical composition of the dross 

attached on the cut edges obtained during laser oxygen cutting of mild steel. 
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5 A REVIEW OF THE PUBLICATIONS 

This chapter introduces the four research papers that constitute the second part of this 

thesis. Each research paper addresses a specific research problem among those outlined at 

the beginning of chapter 4. The research problems with their respective research papers are 

presented in Table 5.    

 

Table 5. The research problems and their related research papers 

Research problem 

 

Research paper 

 

The laser power requirement for cutting of a steel workpiece and the 

effects of processing parameters on the energy balance at the cutting 

zone and the resulting cut edge quality in laser oxygen cutting of 

mild steel. 

 

Publication 1 

 

The processing parameters that influence the rate of melt removal 

during laser cutting of thick-section stainless steel using an inert 

assist gas jet. 

 

Publication 2 

 

The different categories of cut edge quality for different 

combinations of cutting speed and laser power. 

 

Publication 3 

 

The requirements for optimization of cut edge quality during laser 

cutting of thick-section stainless steel using an inert assist gas jet. 

 

 

Publication 4 

 

5.1 Publication 1 

Laser power requirement for cutting of thick-section steel and effects of processing 

parameters on mild steel cut quality 

 

During laser cutting of metal, part of the electromagnetic radiation of the laser beam is 

reflected by the metal surface and part of it is absorbed by the metal. The absorbed optical 

energy of the laser beam is transformed into thermal energy during the beam-material 

interaction. This thermal energy is then utilized in melting the kerf volume as well as 

account for the inevitable thermal losses from the cutting zone mainly through heat 

conduction to the substrate metal. The main objective of Publication 1 was to examine the 

laser power requirement for cutting of a steel workpiece at different cutting speeds and to 

investigate the effects of processing parameters on the energy balance at the cutting zone 

and the resulting cut edge quality during mild steel cutting with oxygen assist gas jet.  

 

Publication 1 describes a theoretical model of the laser power required for cutting a steel 

workpiece and presents results of an experimental investigation of the laser power 
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requirement for cutting a steel workpiece. The intention of the theoretical model was to 

investigate the amount of laser power required for cutting a steel workpiece and compare 

with the incident laser power used in the cutting experiments using the fibre laser and the 

CO2 laser. Additionally the effects of process parameters on the exothermic oxidation 

reaction and consequently cut edge quality during mild steel cutting with oxygen assist gas 

are also analyzed.  

 

It is shown through the theoretical model that the amount of energy required to melt a unit 

area is constant for different cutting speeds but the conduction losses per unit area are 

higher at slower cutting speeds. At very slow cutting speeds, the energy density input lost 

through thermal conduction from the cutting zone to the substrate metal are larger than the 

energy density input required for melting the kerf. However, the conduction losses reduce 

drastically with increase in cutting speed until a certain high cutting speed is reached 

beyond which the energy density input lost through conduction is less than the energy 

density input for melting the kerf. The efficiency of the laser cutting process increases with 

increase in cutting speed. In fact the laser power used for cutting can be increased 

proportionately to the workpiece thickness so that cutting can be performed more 

efficiently at a high cutting speed. 

 

The experimental investigation presented in Publication 1 has shown that the a lower laser 

power is used for cutting a steel workpiece at a given cutting speed using the ytterbium 

fibre laser than when a CO2 laser is used. The absorptivity values for the two lasers were 

estimated using the incident laser power used in the cutting experiments and the calculated 

required laser power obtained using the theoretical model. It was found that the 

absorptivity was higher for the fibre laser cutting (approx. 60%) than for the CO2 laser 

cutting. The higher absorptivity of the ytterbium fibre laser means that the ytterbium fibre 

laser has a higher melting efficiency than the CO2 laser. The high melting efficiency of the 

ytterbium fibre laser results in an increased amount of melt generated and a possibility for 

dross attachment on the lower cut edge. 

 

The mild steel laser cutting experiments with oxygen assist gas have shown that the 

processing parameters have a strong influence on the power balance in the cutting zone and 

consequently affect the resulting cut edge quality. The cutting speed, oxygen pressure and 

nozzle diameter significantly affect the rate of the exothermic oxidation reaction and the 

resulting cut edge quality. Low cutting speed, high oxygen pressure and large nozzle 

diameter favour an erratic oxidation reaction and cause deterioration in the cut edge 

quality. The rate of the oxidation reaction is favoured by high oxygen pressure which 

enhances the concentration of the oxygen gas at the cutting zone and results in an erratic 

oxidation reaction. The erratic oxidation reaction increases the reaction power addition at 

the cutting zone and the excess reaction power causes excessive melting and widening of 

the cut kerf resulting in an irregular cut kerf width with deep grooves on the cut edge. 

More uniform cut edges with uniform striation pattern can be obtained with reasonably 

higher cutting speed, lower oxygen pressure, and with a smaller nozzle diameter. 
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5.2 Publication 2  

Characterization of the melt removal rate in laser cutting of thick-section stainless 

steel 

 

The mechanism of melt removal during laser cutting of a thick-section metal workpiece 

influences the efficiency of the laser cutting process and affects the cut edge quality. It is 

desirable that a high melt removal rate is achieved so as to maintain an extremely thin melt 

film thickness necessary for efficient laser beam coupling at the cutting front. In 

Publication 2, the melt flow velocity and melt film thickness are modelled and the 

efficiency of the melt removal during laser cutting of a 10 mm stainless steel AISI 304 (EN 

1.4301) workpiece is investigated experimentally using the fibre laser and high pressure 

nitrogen jet as assist gas.  

 

The modelled melt flow velocity and melt film thickness have demonstrated the influence 

of the assist gas pressure and cut kerf width on the rate of melt removal from the cut kerf. 

The melt flow velocity increases with increase in assist gas pressure resulting in a 

reduction in the melt film thickness and the boundary layer separation point (BLS) is 

expected to move closer to the bottom cut edge. Similarly, an increase in the cut kerf width 

results in an increase in the melt flow velocity and a reduction in the melt film thickness.  

 

The experiments of fibre laser cutting of thick-section stainless steel with an inert assist 

gas jet also demonstrated the influence of the assist gas pressure, nozzle diameter, and 

focal point position on the boundary layer separation point and dross attachment on the 

lower cut edge. Dross attachment on the lower cut edge reduces with increase in assist gas 

pressure and cut kerf width. The boundary layer separation point is the point on the cut 

edge where the melt flow separates from the solid kerf wall and signifies the transition of 

the flow regime from a laminar boundary layer to a turbulent boundary layer due to an 

increase in the boundary layer thickness. An increase in the melt film thickness caused by 

deceleration of the melt particles in the boundary layer when the magnitude of the viscous 

shear forces in the boundary layer are higher compared to the inertial force of the melt flow 

results in flow separation. High melt flow velocity is essential to overcome the viscous 

shear forces in the boundary layer and maintain a minimum melt film thickness so that a 

laminar boundary layer flow can be sustained throughout the cut thickness. 

 

The work reported this research paper has shown that an increased mass flow rate of the 

assist gas in the cut kerf is essential for a high melt flow velocity so that flow separation 

can be prevented and the melt layer clears the lower cut edge as a laminar boundary layer 

flow.  It is also shown that the size of the cut kerf - which is a function of the focal point 

position – enhances the melt removal rate. The location of the separation point visible on 

the stainless steel cut edges depends on the focal point position. The location of the 

separation point is pushed down the cut edge when the focal point position is located away 

from the workpiece top surface. The striation pattern above the separation point is fine and 

regular while the striation pattern below the separation point is coarse and irregular. The 

variation of striation pattern with focal point position indicates the influence of the cut kerf 

size on the rate of melt removal from the cut kerf. The focal point positions located below 
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the workpiece top surface enhance the formation of a wider cut kerf which enables a higher 

melt removal rate resulting in a reduction in the cut edge surface roughness and reduction 

in the dross attachment on the lower cut edge. 

 

5.3 Publication 3  

Inert gas cutting of thick-section stainless steel and medium-section aluminium using 

a high power fibre laser 

 

The aim of the work reported in Publication 3 was to identify the different categories of cut 

edge quality obtained with different combinations of laser power and cutting speed. These 

different categories of cut edge quality constitute the parameter windows described in 

Publication 3. The maximum cutting speeds with the corresponding required laser power 

levels for cutting of 4 mm thick aluminium AA 5754 (EN AW 5754) workpiece and 10 

mm thick austenitic stainless steel AISI 304 (EN 1.4301) workpiece are presented in 

Figure 24. When testing the maximum achievable cutting speed for each material, there is 

a definition of quality to be made. Typically for a particular laser power level, the cutting 

speed giving the best quality is lower than the maximum achievable cutting speed. The 

cutting speed giving the best cut quality can be referred to as the optimum cutting speed 

especially for applications where high quality is of paramount importance. Dross 

attachment on the lower cut edge occurs when the cutting speed is increased beyond the 

optimum cutting speed or lowered to too low a speed.  

 

 
Figure 24. Maximum cutting speeds with the corresponding required laser power 

(Ytterbium fibre laser, Nitrogen assist gas, 14 bar for aluminium and 19 bar for stainless 

steel).  
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The cutting of 10 mm stainless steel plate was not possible with laser power of 1 kW 

because this power level is insufficient to produce complete cuts even at the lowest 

reasonable cutting speeds. In case of 4 mm aluminium, cutting with the power of 1 kW 

was possible even though the parameter window is small at this power level. The cut edge 

quality is limited at low cutting speeds due to high heat conduction from the cutting zone 

which resulted in dross attachment on the lower cut edge. The dross attachment on the 

lower cut edge was cleared with increase in cutting speed but recurred at very high cutting 

speeds where the melt fluidity was reduced due to the high power requirement for cutting 

at high cutting speeds. 

 

When the cutting speed is increased high enough for a given laser power level, a maximum 

cutting speed is reached beyond which the laser power is insufficient to produce complete 

cutting. And at slow cutting speeds, the amount of conduction heat losses from the cutting 

zone to the substrate metal is very high resulting in a low thermal efficiency as much more 

power is lost from the cutting zone than is utilized in melting the kerf volume. There is a 

significant variation in cut quality even in combinations of laser power and cutting speed 

where complete through cutting is possible.  The dross-free cutting range is larger at higher 

laser powers due to the increased incident intensity which enhances the cutting speeds and 

hence improves the thermal efficiency.  

 

5.4 Publication 4 

Optimization of parameters for fibre laser cutting of a 10 mm stainless steel plate 

 

The purpose of Publication 4 was to demonstrate the procedure of optimization of 

processing parameters in order to obtain a high cut edge quality in the cutting of 10 mm 

thick austenitic stainless steel AISI 304 (EN 1.4301) workpiece using the ytterbium fibre 

laser. The processing parameters that were considered for optimization in this experimental 

investigation included the focal point position, the cutting speed, and the focal length of 

the focusing lens. 

 

The work reported in Publication 4 has demonstrated that the defocus focal point positions 

- i.e. focus located closer to the bottom surface of the workpiece - are essential for thick-

section metal cutting using the fibre laser with an inert assist gas jet as long as the power 

intensity at the workpiece is sufficient to obtain complete penetration of the workpiece. 

The dross attachment on the lower cut edge and cut surface roughness are influenced by 

the melt removal mechanism in the narrow thick-section laser cut kerf so that 

resolidification of dross on the cut edge results in a higher surface roughness. The lower 

section of the cut edge is rougher than the upper section due to the melt build-up at the 

lower cut section resulting in inefficient melt removal. Efficient melt removal is obtained 

when the focal point position is located closer to the workpiece bottom surface because of 

the wider cut kerf that is created with these focal point positions which enhances a high 

melt removal rate.  
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Furthermore, the conduction power loss from the cutting zone to the substrate material 

reduces with increase in cutting speed so that more efficient beam coupling at the cutting 

front occurs. However, the cutting speed has to be optimized for the cutting of a given 

workpiece thickness with a particular laser power so that the high temperature gradient at 

high cutting speed increases the melt fluidity for better melt removal resulting in dross-free 

cut edges. Very high cutting speed may result in low fluidity of the melt due to insufficient 

absorbed laser power to cut at the high cutting speed resulting in the recurrence of dross 

adherence on the lower cut edge.  

 

It was also shown in this work that dross-free cut edges could be obtained when the longer 

focal length optics was used for focusing of the laser beam thus demonstrating the 

influence of the cut kerf size on the cut edge quality.  
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6 CONCLUSIONS AND RECOMMENDATIONS 

The performance of the high power ytterbium fibre laser in the cutting of thick-section 

steel and medium-section aluminium has been experimentally investigated in this study. 

Theoretical models of the laser power requirement and the melt removal rate during laser 

cutting of a metal workpiece have also been developed in this study and compared with the 

experimental results.  

 

The following important conclusions on the performance of the high power ytterbium fibre 

laser can be drawn from the results of this study.  

 

1. The required incident laser power for cutting of 10 mm stainless steel and 15 mm 

mild steel at a given cutting speed using the ytterbium fibre laser is lower than that 

for the CO2 laser showing a higher absorption of the fibre laser beam by the 

workpiece. The higher absorptivity of the fibre laser beam by the workpiece results 

in higher melting efficiency of the fibre laser beam than for the CO2 laser beam. 

Consequently, cutting at a particular cutting speed can be achieved with much 

lower incident laser power when the ytterbium fibre laser is used than when the 

CO2 laser is used. The conduction power losses from the cutting zone are high at 

slow cutting speeds but reduce with increase in cutting speed. Therefore, the 

efficiency of the cutting process increases with increase in cutting speed.  

 

2. The difficulty in achieving an efficient melt removal during high speed cutting of 

the 15 mm mild steel workpiece with oxygen assist gas using the ytterbium fibre 

laser can be attributed to the high melting efficiency of the ytterbium fibre laser 

where the absorptivity was estimated to be greater than 60%. Additionally, the 

processing parameters that influence the rate of the oxidation reaction and 

consequently the amount of reaction power addition to the cutting process - namely 

oxygen pressure, nozzle diameter, and cutting speed - were found to critically affect 

the resulting cut edge quality. High oxygen pressure, large nozzle diameter and low 

cutting speed were found to favour the exothermic oxidation reaction and result in 

deterioration of the cut edge quality. The used oxygen pressure in mild steel laser 

cutting is reduced with increase in workpiece thickness. However, the partially 

oxidized melt at the maximum cutting speeds has a high viscosity and results in 

dross attachment on the lower cut edge and in the worst cases resolidified melt in 

the cut kerf due to poor melt removal at the bottom section of the cut kerf.  

 

3. The processing parameters that have a significant influence on the rate of melt 

removal from the cut kerf during thick-section stainless steel laser cutting using an 

inert assist gas include the assist gas pressure, nozzle diameter, focal point position, 

and cutting speed. The modelled melt flow velocity and melt film thickness 

correlated well with the location of the boundary layer separation point (BLS) on 

the cut edge in the cutting experiments using the ytterbium fibre laser. An increase 

in the melt flow velocity and reduction in the melt film thickness - favoured by a 

high assist gas pressure and large cut kerf width - enable the melt flow to clear the 
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lower cut edge without the occurrence of flow separation and with minimal dross 

attachment on the lower cut edge. The cut kerf width strongly depends on the focal 

point position, larger cut kerf widths are achieved with defocus focal point 

positions. The cutting speed affects the fluidity of the melt for efficient melt 

removal from the cut kerf. High melt fluidity is required for prevention of dross 

attachment on the lower cut edge. Low cutting speed results in high conduction 

losses from the cutting zone and reduced melt fluidity while extremely high cutting 

speed results in insufficient power to maintain high melt fluidity. 

 

4. It was possible to define processing parameter windows - in terms of laser power 

and cutting speed - for achievement of clean dross-free cut edges in 10 mm 

stainless steel and 4 mm aluminium workpieces. Different regions of cut edge 

quality were defined for different combinations of cutting speed and laser power. 

The cut edge quality was limited at low cutting speeds due to high heat conduction 

from the cutting zone which resulted in dross attachment on the lower cut edge. 

The dross attachment on the lower cut edge was cleared with increase in cutting 

speed but recurred at very high cutting speeds where the melt fluidity was reduced 

due to the high power requirement for cutting at high cutting speeds. 

 

5. High quality dross-free cut edges with low surface roughness and low cut edge 

squareness deviation could be achieved in 10 mm thick austenitic stainless steel 

cutting using nitrogen with the following cutting conditions: high assist gas 

pressure (> 16 bar), large nozzle diameter (e.g. 2.5 mm nozzle), focal point position 

located close to the bottom workpiece surface in order to create a larger cut kerf 

width, longer focal length, and optimum cutting speed to ensure high melt fluidity 

for prevention of dross attachment on the lower cut edge. These conditions enhance 

a high melt removal rate from the cut kerf resulting in a high cut edge quality. 

Basically, the cutting speed has to be reduced from the maximum achievable 

cutting speed for the used laser power in order to obtain a high cut edge quality. 

During inert gas cutting of a metal workpiece, the assist gas pressure is increased 

with increase in workpiece thickness. 

 

6. This study has also shown the limitations of the ytterbium fibre laser in the area of 

thick-section metal cutting. The optimized cut edge quality obtained in thick-

section stainless steel using the ytterbium fibre laser is still worse than that 

achieved using the CO2 laser. The interaction of the fibre laser beam with the metal 

material is not optimum for cutting of thick-section metal workpieces. The intensity 

of the fibre laser beam on the workpiece reduces greatly after a shorter depth than 

in CO2 laser cutting. The CO2 laser beam propagates to longer depths before 

significant reduction in intensity. 

 

7. There are some major problems relating to the cut edge quality in laser cutting of 

the 15 mm thick mild steel workpiece using an active assist gas jet. The high 

melting efficiency of the ytterbium fibre laser produces an increased amount of 

melt resulting in an erratic oxidation reaction. The excess reaction power produced 
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by the erratic oxidation reaction causes excessive melting and deterioration of the 

cut edge quality. 

 

8. The efficiency of melt removal from the cut kerf plays a very important role on the 

cutting performance and the resulting cut edge quality. The rate of melt removal 

from the cut kerf may be a potential factor limiting the maximum workpiece 

thickness that can be cut rather than the required laser power.  

 

The results reported in this study have provided an insight into the performance of the 

ytterbium fibre laser in the area of thick-section metal cutting. The conclusions drawn from 

this study can be applied to larger workpiece thicknesses than those investigated in this 

study. 

 

The effects of processing parameters on the cut edge quality during cutting of thick-section 

mild steel using oxygen assist gas has been investigated in this study. Future work could be 

directed to the optimization of processing parameters for achievement of good cut edge 

quality in mild steel during laser oxygen cutting using the ytterbium fibre laser. 

Additionally, future work could cover a theoretical and experimental investigation of the 

absorption coefficient of the fibre laser radiation during laser cutting of a metal workpiece. 
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Abstract 

 

The high power fiber laser presents a possibility for the application of solid-state lasers in 

thick section metal cutting, area field which has been dominated by the high power CO2 

lasers. This paper presents the lumped parameter formulation of the laser power 

requirement as a function of cutting speed for oxygen assisted laser cutting of mild steel 

and nitrogen assisted laser cutting of stainless steel. The calculated laser power 

requirement is compared with the incident laser power used in the cutting of 15 mm mild 

steel with oxygen assist gas and 10 mm stainless steel with nitrogen assist gas using a 

multi-mode 5 kW fiber laser and a 4 kW CO2 laser. The incident laser power required for 

cutting at a given cutting speed was found to be lower for fiber laser cutting than for the 

CO2 laser cutting indicating a higher absorption of the fiber laser beam. The effects of 

process parameters on the cut kerf quality in mild steel laser cutting with oxygen assist gas 

using the high power fiber laser is presented. The critical process parameters affecting the 

quality of the cutting process and the resulting cut kerf were the cutting speed, oxygen 

pressure, and nozzle diameter.  

 

Keywords: laser cutting; thick-section; mild steel; stainless steel; fiber laser; CO2 laser  

 

 
1. Introduction 

 

Laser cutting of a steel workpiece is achieved by application of a high intensity focused 

laser beam to melt the kerf volume and an assist gas jet to blow the melt out of the cut kerf. 

The most productive method for laser cutting of mild steel in industry is to use an oxygen 

assist gas jet to ignite and carry on an exothermic reaction between iron and oxygen. The 

exothermic reaction acts as an additional power source for the cutting process resulting in 

higher cutting speeds. The downside of this process is the oxidized cut edges. The presence 

of the oxide layer on the cut edge may influence the final quality during further processing 

operations e.g. welding or painting. The oxide layer may need to be removed in a cleaning 

operation prior to further processing of the part. Stainless steel laser cutting is often 

performed using nitrogen assist gas to give clean cut surfaces which do not require any 
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cleaning operation of the oxide layer. Inert gas assisted laser cutting of thin- and medium-

section stainless steel using the high power fiber laser has been tested by the authors [1] 

and other researchers [2] and higher cutting speeds have been reported compared to CO2 

laser cutting. It is now anticipated that the use of the high power fiber laser for the cutting 

of thick-section steel will offer competitive performance and advantages to challenge the 

CO2 laser which is currently dominating this area of applications of laser materials 

processing in industry. Larger cut depths and higher cutting speeds are expected when the 

fiber laser is used to cut metal workpieces than when a CO2 laser is used because the 

shorter wavelength of the fiber laser (1.06μm) is more highly absorbed by metal 

workpieces than the longer wavelength of the CO2 laser (10.6μm). The absorptivity also 

depends on the temperature and phase of the material such that the absorptivity increases 

with increase in workpiece temperature [3]. The high power fiber laser cutting speeds have 

been reported to be more than double the CO2 laser cutting speeds for thin-section to 

medium-section cutting of stainless steel, but relatively similar cutting speeds have been 

reported in the cutting of thickness greater than 6 mm. However, the thick-section metal 

cutting using the high power fiber laser has been reported to produce poorer cut quality 

with more complex striation patterns than typical in CO2 laser cutting. Mahrle et al. [4] 

reported that the main reason for the poor cut edge quality obtained with the fiber laser 

compared to the CO2 laser cut quality is the different wavelength which leads to different 

absorption mechanisms. They argued that there is a distinct angle of incidence - 

corresponding to 85.9
o
 - above which the absorptivity of the CO2 laser radiation is better 

than the absorptivity of the fiber laser radiation. And that fiber laser cutting works in a 

regime where the absorptivity is not optimal in relation to the cut front angle while 

optimum cut front inclination is achieved with CO2 laser radiation for optimal absorptivity 

in a wide range of material thickness. 

 

The influence of laser cutting parameters on the cut quality in thin-section steel has been 

widely investigated by various authors. Golnabi and Bahar [5] investigated the optimum 

conditions for minimum kerf width during oxygen assisted laser cutting of thin-section (1 

mm, 1.5 mm and 2 mm) stainless steel and mild steel using an Nd: YAG laser and 

observed that cutting of mild steel required a lower oxygen gas pressure than stainless steel 

cutting and the kerf width in mild steel was larger than that in stainless steel. They reported 

a minimum kerf width of 0.3 mm in 1 mm thick mild steel with 1 bar oxygen pressure 

(67 W laser power and 9.5 mm/s cutting rate), while a minimum kerf width of 0.2 mm was 

obtained in 1 mm thick stainless steel with 4 bar oxygen pressure (67 W laser power, 

7.1 mm/s cutting rate). Yilbas [6] investigated the influence of process parameters during 

CO2 laser cutting of thin-section (0.75, 1.0 and 1.5 mm) mild steel sheets with oxygen 

assist gas and reported that the heat spread from the cutting zone decreased at high cutting 

speeds resulting in increased temperature gradients in the kerf and minimal tendency for 

self-sustaining oxidation reaction. He also reported that a substantial amount of surface 

plasma occurred periodically during cutting of thicker workpieces with high oxygen 

pressure causing increased erosion of the cut edge and development of striations on the cut 

edge. On the contrary, Powell et al. [7] disputed the presence of surface plasma during 

laser oxygen cutting of a mild steel workpiece. They argued that the iron oxide (FeO) 

formed during oxygen assisted laser cutting of mild steel does not boil because FeO does 
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not have a gas phase but will instead dissociate into oxygen and iron when heated to 

sufficiently high temperatures. The dissociation of the FeO would consume much power 

from the cutting process and could cause a breakdown in the cutting process.  

 

The two major cutting flaws in laser cutting of thick section low alloyed steel with oxygen 

assist gas include the cut edge surface roughness (i.e. the striation) and the dross formation 

on the lower cut edge. The challenge in obtaining a high cut quality in oxygen assisted 

laser cutting especially in case of thick section steel comes from the extent of the 

exothermic reaction which influences the erosion of the cut edge and development of 

striations on the cut edge. Yilbas [8] examined the oxygen assisted laser cutting of 12 mm 

thick mild steel sheet using a CO2 laser and reported that the laser power intensity and 

oxygen pressure had significant effect on kerf width variation. Tani et al. [9] reported that 

the two mechanisms responsible for dross adhesion include the surface tension of the melt 

which limits the melt-ejection speed and the build-up of melt at the bottom of the kerf 

which results in incomplete ejection of the molten material. Ivarson [10] investigated the 

level of thermal loss by conduction during oxygen assisted laser cutting of mild steel and 

stainless steel workpieces. He reported that the power contribution by the oxidation 

reaction becomes larger with increase in material thickness such that there is a threshold 

maximum thickness for each laser power level above which the power of the oxidation 

reaction exceeds the laser power. The efficiency and rate of the oxidation reaction is 

proportional to the heated surface area of the cut zone and is therefore proportional to the 

workpiece thickness. Additionally, single and multiple reflections take place inside the 

thick-section cut kerfs resulting in increased absorption of the incident laser beam towards 

the bottom of the cut. The power loss from the cut front by conduction also increases - in 

an approximately linear manner - with increase in material thickness.  

 

This paper examines the laser power requirement for oxygen assisted laser cutting of 15 

mm mild steel workpiece and nitrogen assisted laser cutting of 10 mm stainless steel using 

a high power fiber laser and a CO2 laser. The laser power requirement for melting the kerf 

volume plus the inevitable conduction power losses at a given cutting speed is calculated 

using the lumped parameter formulation method. The calculated laser power requirement 

at a given cutting speed is compared with the incident laser power used in the cutting tests 

of the 15 mm mild steel with oxygen assist gas and 10 mm stainless steel with nitrogen 

assist gas using a multi-mode 5 kW fiber laser and a 4 kW CO2 laser. The effects of 

process parameters on the cut kerf quality in mild steel laser cutting with oxygen assist gas 

is analyzed whereby the cut quality obtained in 15 mm mild steel cutting with the high 

power fiber laser is presented. 

 

 

2. Theoretical Analysis of Power Requirement 

 

The power balance contributions in oxygen assisted laser cutting of mild steel include the 

absorbed laser power and reaction power from the exothermic oxidation reaction as the 

incoming power terms while stainless steel laser cutting using nitrogen assist gas employs 

only the absorbed laser power as the incoming power contribution. In both cases the power 
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used for melting the kerf volume and the inevitable conduction power losses from the 

cutting zone to the substrate metal constitute the outgoing power terms. The melt film is 

generated by the melting action of the absorbed laser power and the oxidation reaction 

power, and is sheared by the action of the assist gas jet. The rate of melting (corresponding 

to the cutting speed) that can be achieved under given cutting conditions must correspond 

to the rate of melt removal from the cut kerf so as to maintain a high quality cutting 

process and high cut quality. The melting efficiency during the cutting process is 

determined by the amount of laser power absorbed in the cutting zone and utilized in the 

melting of the kerf volume.  

 

 

2.1 Laser cutting of mild steel with oxygen  

 

The power balance for a steady-state laser oxygen cutting of a steel substrate depicted in 

Figure 1 can be expressed using a lumped parameter formulation presented in equation 1; 

the incoming power to the cutting zone (the absorbed laser power and the reaction power) 

must be equal to the outgoing power from the cutting zone i.e. the heat content of the 

melted kerf volume including the latent heats for phase change and the conductive power 

loss to kerf sides [11]. The power losses by radiation to air in top and root side are 

typically considered to be negligible. It is assumed that all the melted material is removed 

to form the cut kerf and the kerf sides are heated but not melted so that the width of the 

melting front is equivalent to the kerf width. 

 

)1(..........)( LossVmPRL PLLTCwdVPAP  

      

A  is the absorptivity of the workpiece to the laser radiation, LP  the incident laser power, 

RP  the reaction power,  the workpiece material density, w  the kerf width, d  the 

workpiece thickness, V  the cutting speed, PC  the specific heat of the workpiece material,  

T  the temperature change of the melted kerf volume, mL  the latent heat of melting,  

the fraction of the kerf volume that is vaporized, VL  the latent heat of vaporization, and 

LossP  the conductive power loss to the kerf sides. 
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Figure 1. A schematic of the laser cut kerf. 

 

For a steady cutting process, we shall assume that the whole molten material will be 

removed in the molten state and the fraction of the kerf volume that is vaporized, 0  [8] 

so that equation 1 reduces to:  

 

)2(..............................)( LossmPRL PLTCwdVPAP  

 

The laser power absorbed by the workpiece APL will be higher when the absorptivity A of 

the workpiece to the incident laser radiation is higher so that the incident laser beam power 

PL required for cutting at a particular cutting speed will be lower. The power loss from the 

cutting zone during laser cutting of metals is mainly due to thermal conduction from the 

cutting zone to the bulk material through the kerf sides. The heat conduction in the x-

direction (cutting direction) in Figure 1 is regarded as power utilized for cutting and the 

liquid-solid interface is at the melting temperature throughout the cut depth so that the 

power loss from the cutting zone to the substrate metal can be considered to be only due to 

the temperature gradient in the y-direction (kerf sides). The heat efflux from the cutting 

zone to the substrate metal by thermal conduction through the kerf sides can then be 

estimated using equation 3 by considering the temperature gradient on the kerf sides and 

the surface area of the cut edge [12].  

 

)3....(..........2 TdAkPLoss  

 

k  is the thermal conductivity, T  the workpiece temperature, and dA is the surface area of 

the cut edge. 

 

Schulz et al. [13] developed an analytical approximation of the heat conduction losses 

during laser cutting of metals. By using their expression for the temperature change, 

LossT , in the substrate metal given in equation 4a, we can estimate the power loss to the 

bulk material using equation 5 when a cut slot is made in a workpiece of thickness d at a 

cutting speed V and the cut slots are made at a distance L from each other. The boundary 
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separating the molten kerf volume and the solid kerf sides is at the melting isotherm so that 

the kerf sides are taken to be at the melting temperature mT  and the edges of the workpiece 

to be at the ambient temperature ambT  (room temperature 298 K).  
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0r  is the distance from the beam centre to the kerf sides, T  the workpiece temperature, Pe  

the Peclet number, and  the thermal diffusivity.   

 

The exothermic oxidation reaction that takes place during oxygen assisted laser cutting of a 

steel workpiece is facilitated by diffusion and mass transfer of the oxygen and iron ions in 

the molten layer. The extent of the oxidation reaction ( FeOOFe 221 ) is determined 

by the amount of metal or oxygen consumed in the reaction or the amount of oxide 

produced [14]. Therefore the exothermic oxidation reaction power RP  can be estimated 

from the power 
2OP made available by the oxygen flow to the cutting front or from the 

power FeP  made available by the molten material flow into the interaction zone [15]. Only 

a small proportion of the oxygen jet is consumed in the reaction, part of it is lost across the 

top surface of the sheet or down the backside of the kerf and the rest is used as thrust to 

blow the melt out of the cut kerf. Ivarson [7] analyzed the particles ejected during laser 

cutting of mild and stainless steel and reported that approximately half the iron which 

leaves the cut zone is oxidized to iron oxide (FeO). The powers 
2OP and FeP can then be 

estimated using equations 6a and 6b and the minimum value of these two powers will be 

the maximum reaction power added to the cutting process by the oxidation reaction 

because the reaction is limited by the flow rate of the rarer type of reactant (either oxygen 

or iron).  

 

)6.......(/)4/(
2222

2 amEvwP OOXOOO  

 

)6...(..........)/(
2

1
bmEVdwP FeOXFe  

 

2Ov is the oxygen velocity (depending on the gas pressure), 
2O  the oxygen density,  OXE  

the energy per single reaction, 
2Om the molar mass of oxygen, and Fem  the molar mass of 

iron.   
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2.2 Oxidation Reaction Kinetics 

 

The oxygen pressure influences the exothermic oxidation reaction through the 

concentration of the oxygen gas at the cutting zone.  According to Fick’s law described by 

equation 7, the rate of mass transfer N of the diffusing reactants (Fe
2+

 or O
2-

) is 

proportional to the local concentration gradient of the diffusing reactant drdC  where the 

proportionality constant D is the diffusion coefficient. When the molten Fe is exposed to 

the oxygen jet, an exothermic oxidation reaction is ignited and the amount of oxygen 

dissolved in the molten iron - and consequently the oxidation rate - increases with the 

square root of the oxygen pressure. In order for the oxidation reaction to proceed further at 

the reaction front shown schematically in Figure 2, the Fe
2+

 ions
 
must be transported 

through the oxide (FeO) film towards the oxide-gas interface and the O
2-

 ions must be 

transported across the oxide film towards the oxide-melt interface. In high temperature 

oxidation of iron, the diffusion of the Fe
2+

 ions across the oxide layer is the rate controlling 

process so that the FeO grows at the oxide-gas interface. [14, 16-18]      

       

)7.....(..........
dr

dC
DN  

 

The diffusion length, LD of the reactant ions (Fe
2+

 or O
2-

) in a given direction in time, t is 

given by equation 8. The diffusion length - which increases as the square root of the 

diffusion time t - is the measure of how far the mass transfer of the reactant ions has 

propagated by diffusion in a given time [16, 18].      

 

)8......(..........2 tDLD
 

 

   

 
 

Figure 2. A schematic of the reaction front. 
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2.3 Laser cutting of stainless steel with nitrogen  

 

Stainless steel laser cutting using nitrogen assist gas employs only the absorbed laser 

power as the incoming power contribution. For a pure fusion cutting process where the 

kerf volume must only be melted but not vaporized (i.e. the fraction of the kerf volume that 

is vaporized, 0 ), equation 1 reduces to:  

 

)9(..........)( LossmPL PLTCwdVAP  

 

Table 1 gives the values of the thermophysical properties of the mild steel, stainless steel 

and oxygen and Table 2 gives the gas pressure, and workpiece and kerf dimensions. These 

values were used for calculation of the laser power required for cutting a mild steel 

workpiece with oxygen assist gas and a stainless steel workpiece with nitrogen assist gas 

using equations 2, 4-6 and 9.  

 

  

Table 1. Thermophysical properties [8, 16, 19, 20]  

Property Units Mild Steel Stainless Steel Oxygen 

Density,  kg/m
3
 7850 8030 1.308 

Specific heat capacity, PC   J/kg. K 490 500 - 

Thermal diffusivity,    m
2
/s 12x10

-6
 4x10

-6
 - 

Latent heat of melting, mL   J/kg 270x10
3
 300x10

3
 - 

Melting temperature, mT   K 1808 1712 - 

Ambient temperature, ambT   K 298 298 - 

Energy per reaction, OXE  J/mol 250x10
3 - 250x10

3
 

Molar mass,  Fem and 
2Om  kg/mol 55.8x10

-3 - 32x10
-3 

 

 

Table 2. Workpiece and process parameters  

Dimension Symbol Unit Value 

Cutting speed V m/min 0.2 - 2.0 

Workpiece Thickness: Mild steel 

                                     Stainless steel 

d m 0.015 

0.010 

Kerf width w m 0.001 

Distance between cut slots  L m 0.02 

Distance from beam centre to kerf sides ro m
 

0.0005
 

Oxygen pressure - bar 1.0 
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3. Experimental Investigation 

 

Cutting experiments were undertaken using an IPG YLR-5000 fiber laser with maximum 

power output of 5 kW and a Trumpf TruLaser 3530 with maximum output power of 4 kW.  

The laser system parameters are given in table 3.  

 

 

Table 3. Laser parameters 

Parameter Units Fiber Laser CO2 Laser 

Max. laser power kW 5
 

4 

Nominal beam quality (BPP) mm.mrad 5.2  6.5 

Beam delivery fiber µm 150 Not applicable 

Focal length mm 190.5  190.5  

Min. focused spot diameter mm 0.3 0.3 

 

 

The test materials were 15 mm mild steel (Laser 355MC) plate and 10 mm stainless steel 

(1.4301) plate with typical chemical compositions given in Table 4.  

 

 

Table 4. Typical chemical compositions of workpiece materials [21, 22] 

Mild Steel (Laser 355MC) 

Element C Si Mn P S Al Fe 

Content (wt-%) 0.12 0.03 1.50 0.020 0.015 0.015 Balance 

 

Stainless steel (1.4301)  

Element C Cr Ni Fe 

Content (wt-%) Max. 0.07 18.1 8.2 Balance 

 

 

The assist gas delivered through a conical nozzle tip was oxygen for mild steel cutting and 

nitrogen for stainless steel cutting. The workpieces were prepared into sizes of 200 mm x 

150 mm and cut slots of 100 mm length were made at a distance of 20 mm apart. The 

process parameters examined included: laser power, cutting speed, assist gas pressure, and 

nozzle diameter and the cutting process variables used are given in table 5. The focal 

position was defined as positive (+) for focus above workpiece top surface and negative (-) 

for focus below the workpiece top surface. 
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Table 5. Process variables 

Parameter (Units) Levels Increment 

Laser power (kW) 1 - 5
 

1 

Cutting speed (m/min) 0.2 - 2.0 0.2 

O2 pressure (bar) 0.2 - 1.2 0.2 

N2 pressure (bar) 18 - 

Nozzle diameter (mm) 1.5 - 2.5 0.5 

Focal length (mm) 190.5 - 

Focal position
 
(mm) 

           Mild steel 

           Stainless steel  

 

-10, -12 

-8 

 

- 

- 

              

 

Physical observations of the cut edges were made to investigate the conditions which 

influenced dross attachment and kerf width variation. A microscope equipped with a 

camera was used to capture images of the cut kerfs from which the average kerf width was 

measured using the UTHSCSA ImageTool program. Scanning electron microscopy (SEM) 

was used to obtain micrographs of the laser cut cross-sections in order to investigate the 

effects of process parameters on the striation pattern; and X-Ray Dispersion analysis was 

made to determine the chemical composition of the dross as a means of examining the 

level of oxidation of the melt. 

 

 

4. Results and Discussions 

 

The calculated laser power required for cutting a 15 mm mild steel workpiece using 

oxygen assist gas and a 10 mm stainless steel workpiece using nitrogen assist gas is 

presented and compared with the incident laser power in the cutting tests using the high 

power fiber laser and the CO2 laser. The cutting quality obtained in laser oxygen cutting of 

the 15 mm mild steel workpiece using the fiber laser and the effects of the cutting 

parameters on the cutting quality - including kerf width variation, dross attachment and 

striation pattern - are presented.  

 

 

4.1 Laser Power Requirement 

 

The total energy required for melting the kerf volume increases with cutting speed due to 

an increase in the rate of melting but the energy for melting a unit area is constant (see 

Figure 3). At lower cutting speeds the conduction energy loss per unit area is higher than 

the energy used for melting a unit area. The conduction energy loss per unit area decreases 

drastically with increase in cutting speed and a certain high cutting speed is reached 

beyond which the energy loss per unit area is lower than the energy for melting a unit area. 

This means that the cut workpiece is heated to higher temperatures during a slower cutting 

process than when a higher cutting speed is applied. The lower conduction energy loss at 

higher cutting speed is a consequence of the steeper temperature gradients with increase in 
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cutting speed and the heating effect is concentrated to the cutting zone with less heat 

spreading to the substrate metal. Therefore the efficiency of the cutting process increases 

with increase in cutting speed because a higher proportion of the absorbed laser power will 

be used for melting the kerf volume than is lost to the substrate metal through heat 

conduction from the cutting zone. 

 

 

 
 

Figure 3 Calculated energy density input for melting and energy density input lost. 

 

 

The maximum achievable cutting speed for a given laser power is defined as the maximum 

cutting speed at which the cut edges are separated. It is apparent that the maximum cutting 

speed for a given laser power is also highly influenced by the efficiency of the melt 

removal from the cut kerf. The mild steel cut edges produced at the highest cutting speeds 

may be rejoined at the bottom of the cut kerf by resolidified melt as a result of poor melt 

removal at the bottom of the cut kerf. Figures 4 and 5 show comparisons of the calculated 

laser power requirement (melting power and inevitable conduction power losses) with the 

experimental incident laser power for the cutting of a 15 mm mild steel workpiece and 10 

mm stainless steel workpiece using the high power fiber laser and CO2 laser.  

 



 

 

12 

 

 
 

Figure 4. Power required for laser cutting 15 mm mild steel. 

 

 
 

Figure 5. Power required for laser cutting 10 mm stainless steel. 
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For both mild steel cutting and stainless steel cutting, the incident laser power required for 

cutting at a given cutting speed was lower when cutting was performed with the fiber laser 

than when the CO2 laser was used. This indicates a higher absorption of the fiber laser 

beam by the workpiece giving a higher melting efficiency than that of the CO2 laser beam. 

The proportion of the incident laser beam power that is absorbed (absorptivity A ) during 

laser cutting of the stainless steel workpiece can be estimated from Figure 5 using equation 

10. The estimated absorptivity during stainless steel cutting was greater than 60% with the 

fiber laser and less than 60% with the CO2 laser. The total laser power absorbed by the 

workpiece increases after the cutting front is formed and a constant melting front is 

maintained because of the temperature dependence of absorptivity resulting in increased 

laser beam absorption at the melt surface. Also increased laser beam absorption in the cut 

kerf is realized through the multiple reflections of the laser beam in the thick-section cut 

kerf.  
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In the case of mild steel laser cutting with oxygen assist gas, the incident laser power at a 

given cutting speed for both the fiber laser and CO2 laser was lower than the calculated 

required laser power for melting the kerf volume and compensation of inevitable 

conduction losses (see Figure 4). The reason for this scenario is that a higher reaction 

power was realized in the cutting tests than was estimated in the calculations because the 

oxidation reaction is influenced by process parameters such as cutting speed, oxygen 

pressure, and nozzle diameter.  

 

 

4.2 Effect of process parameters in mild steel laser oxygen cutting 

 

Thick-section mild steel laser cutting using oxygen assist gas produces a larger amount of 

melt and employs lower cutting speeds than in thin-section cutting therefore the influences 

of the oxidation reaction on the cutting quality are more severe than in thin-section cutting. 

 

 

Effect of cutting speed 

 

The kerf width variation with deep grooves on the cut surface in laser oxygen cutting of 

mild steel is caused by the erratic sideways burning oxidation reaction favoured by lower 

cutting speed (Figure 6(a)). High speed cutting can produce a more uniform cut kerf with a 

periodic pattern of ridges along the cut length which is typical of the widely accepted 

mechanism for striation formation based on the cyclic sideways burning effects during 

laser oxygen cutting of mild steel as originally explained by Arata et al. and, Miyamoto 

and Maruo [23, 24]. However, the higher rate of melting at high cutting speeds results in 

melt build up at the lower section of the cut kerf causing dross attachment on the lower cut 
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edges and in worst cases the cut edges are rejoined at the bottom section by the resolidified 

melt behind the keyhole (see Figure 6(b)).  

 

 
 

Figure 6. Kerf width variation and dross attachment with cutting speed (15mm mild steel, 

3kW, 1.0 bar, 2.0mm nozzle, and -10 focal position). 

 

The narrow cut kerfs produced at high cutting speeds increase the tendency for resolidified 

melt in the cut kerf (Figure 7). Additionally, a more viscous melt layer is produced when 

the level of the melt oxidation is low resulting in a high tendency of melt resolidification in 

the cut kerf. The cutting process can break down if the cutting speed is too high due to 

failure of the molten material - in the narrow cut kerf - to clear the lower cut edge at a 

sufficiently fast rate corresponding to the cutting speed. In such situations we can say that 

cutting at the given high cutting speed is limited by the melt removal rather than the power 

requirement. The steeper temperature gradients when cutting is performed with high 

cutting speed cause the oxidation reaction to be localized at the cutting front without 

spreading sideways to widen the cut kerf. During a slow cutting process, there is much heat 

spread from the cutting zone and a larger diffusion length of the reactant ions (according to 

equation 8) so that the oxidation reaction spreads out of the cutting front and a higher 

proportion of the melt can be oxidized generating much reaction power and widening the 

cut kerf. The excess reaction power also causes higher conduction losses to the substrate 

metal followed by heat build-up in the cut workpiece.  
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Figure 7. Kerf width with cutting speed. 

 

 

The cutting front is inclined at high cutting speed as can be seen from the inclination of the 

striations with increase in cutting speed in Figure 8. The cut edge shows two distinct 

striation patterns on the top section and lower section of the cut edge. The striations at the 

top third-section of the cut surface (primary striations) are mainly caused by the burning 

oxidation reaction. Melt flow integration takes place in the second third-section of the cut 

surface forming wider striations which continue to the bottom cut edge (secondary 

striations). The secondary striations which are deeper and more widely spaced than the 

primary striations seem to be mainly influenced by the two mechanisms that cause 

increased erosion of the kerf sides at the lower cut section, namely:  

(1) Increased absorption of the laser beam at the lower cut section due to multiple 

reflections of the incident laser beam in the cut kerf, and  

(2) Longer residence times of the melt at the lower cut section due to melt build-up.  

These two melting effects result in deterioration of the cut edge perpendicularity and the 

top cut section is raised over the lower cut section. 
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Figure 8. Effect of cutting speed on striation inclination (15mm mild steel, 3kW, 1.0 bar, 

2.0mm nozzle, and -10 focal position). 

 

 

Effect of oxygen pressure 

 

The erratic nature of the oxidation reaction is minimized when cutting is performed with 

oxygen pressures below 1.0 bar and more uniform kerfs can be obtained (Figure 9). The 

high melting efficiency of the fiber laser means that a large amount of melt is generated 

and the process requires that the melt is highly oxidized so that it has a lower viscosity for 

effective melt removal. The rate of the oxidation reaction is favoured by high oxygen 

pressure (see Figure 9(b)) because of the high concentration of the oxygen gas at the 

cutting zone such that a larger melt surface is in contact with the oxygen which increases 
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the proportion of the melt that is oxidized and a higher reaction power is generated. The 

excess reaction power causes excessive melting and widening of the cut kerf.  

 

                                         
 

Figure 9 Kerf width variation and dross attachment with oxygen pressure (15mm mild 

steel, 3kW, 0.8m/min, 2.0mm nozzle, and -10 focal position). 

 

 

Effect of nozzle diameter 

 

The best cut quality - with a fine uniform striation pattern on the cut edge - is obtained 

with a 1.5 mm nozzle and a 2.5 mm nozzle produces the worst cut quality. A smaller 

nozzle delivers a precise amount of oxygen to the interaction zone and the burning 

oxidation reaction is localized to the cutting front producing more uniform cut kerfs with 

finer, closely spaced striations on the cut edge. On the other hand, a larger nozzle delivers 

an increased amount of oxygen gas into the cutting zone resulting in an erratic burning 

oxidation reaction and a wider non-uniform cut kerf is produced with deeper widely spaced 

striations. The melt surface is highly oxidized while the underlying melt is only partially 

oxidized or not oxidized at all and the level of oxidation of the melt surface also varies 

from point to point as shown by the chemical composition of the dross in Figure 10. The 

melt shearing effect of the oxygen jet means that new melt can be exposed periodically for 

continuous oxidation of the melt layer and clean cut edges can be obtained under optimum 

cutting conditions like when a smaller nozzle diameter is used (see Figure 10(a)). 

Otherwise, the increased amount of melt produced when a larger nozzle is used results in 

inefficient removal of the highly viscous unoxidized underlying melt layer and the 

resolidified melt remains firmly attached to the lower cut edges (see Figure 10(b) and (c)).  
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Figure 10. Chemical composition of dross (15mm mild steel, 3kW, 1.0m/min, 1.2 bar and 

-12 focal position). 

 

 

5. Conclusion 

 

Laser power requirement for the cutting of thick-section mild steel and stainless steel using 

the high power fiber laser and CO2 laser was investigated in this study. The calculated laser 

power requirement for melting the kerf volume plus the inevitable conduction power losses 

at a given cutting speed is compared with the incident laser power used in the cutting tests 

of the 15 mm mild steel with oxygen assist gas and 10 mm stainless steel with nitrogen 

assist gas using the high power fiber laser and the CO2 laser. For both the cutting of mild 

steel and stainless steel, the required incident laser power for cutting at a given cutting 

speed using the high power fiber laser was found to be lower than that for the CO2 laser 
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showing a higher absorption of the fiber laser beam by the workpiece. The inefficient melt 

removal during high speed fiber laser cutting of the 15 mm mild steel workpiece with 

oxygen assist gas is attributed to the higher melting efficiency of the high power fiber laser 

where the absorptivity was estimated to be greater than 60%.  

 

The partially oxidized melt at the maximum cutting speeds has a high viscosity and results 

in dross formation and in the worst cases resolidified melt in the cut kerf due to poor melt 

removal at the bottom section of the cut kerf. The process parameters that influence the 

amount of reaction power addition to the cutting process - namely gas pressure, nozzle 

diameter, and cutting speed - were found to play a critical role in obtaining a high cutting 

quality because these parameters influence the rate of melting as well as the rate of melt 

removal from the cut kerf. Optimization of these process parameters is critical for 

controlling the sideways burning exothermic oxidation reaction and achievement of 

efficient melt removal. The size of the striations decreases with increase in cutting speed, 

decrease in oxygen pressure and reduction in nozzle diameter and the cut quality improved 

under these cutting conditions. 
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List of Notation 

 

A   Absorptivity  

PC   Specific heat capacity   

 d   Workpiece thickness 

dA Surface area of the cut edge 

dC/dr Concentration gradient of the diffusing reactant 

D diffusion coefficient 

OXE  Energy per single oxidation reaction 

k  Thermal conductivity 

L Distance between cut slots 

LD Diffusion length of the reactant ions 

mL   Latent heat of melting 

VL  Latent heat of vaporization 

Fem  Molar mass of iron 

2Om  Molar mass of oxygen 

N rate of mass transfer of the diffusing reactants 

Pe  Peclet number 

LP   Incident laser power 
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LossP  Conduction power loss to the kerf sides 

RP   Exothermic oxidation reaction power 

0r  Distance from the beam centre to the kerf sides 

t Diffusion time (cutting rate) 

T  Workpiece temperature 

ambT  Ambient temperature (298 K) 

mT  Melting temperature   

2Ov  Velocity of oxygen jet 

V   Cutting speed 

w   Kerf width 

x Cutting direction 

y Direction perpendicular to cutting direction  

T   Temperature change of kerf volume 

LossT  Temperature change in the substrate metal 

  Workpiece density 

2O  Oxygen density 

 Thermal diffusivity 

  Fraction of the kerf volume that is vaporized 
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The efficiency of the laser cutting process depends on both the rate of melting and rate of melt
removal from the cut kerf. The depth of flow separation and the dross attachment on the lower cut
edge relate to the efficiency of the melt removal process and can be used to characterize the rate of
melt removal from the cut kerf. The melt flow velocity and melt film thickness are formulated in this
study by consideration of the fundamentals of viscous incompressible fluid flow. The calculated melt
flow velocity and melt film thickness are correlated with the depth of flow separation on the 10 mm
stainless steel AISI 304 �EN 1.4301� laser cut edge. The effects of process parameters—including
assist gas pressure, nozzle diameter, nozzle standoff, focal point position, and cutting speed—on the
depth of flow separation and the dross attachment on the lower cut edge are investigated. The assist
gas pressure, nozzle diameter, and focal point position are found to significantly affect the efficiency
of melt removal from the cut kerf. © 2010 Laser Institute of America.

Key words: laser cutting, melt removal rate, thick-section stainless steel, melt velocity, boundary
layer thickness, flow separation

I. INTRODUCTION

Laser cutting of sheet and plate metal is one of the major
applications of high power lasers with steels—both low al-
loyed steels and stainless steels—taking a majority share of
metals that are usually laser cut in industry. The high power
laser systems with high beam quality provide the necessary
power intensity required for cutting of thick-section stainless
steel using inert assist gas and high cutting speeds can be
realized. In principle laser cutting of stainless steel using an
inert assist gas jet �usually nitrogen� is accomplished by two
mechanisms, namely, melt formation through absorption of
the incident laser beam and melt removal from the cut kerf
through the action of the high pressure assist gas jet. After
initiation of the laser cutting process, continuous melt forma-
tion occurs through absorption of the incident laser beam at
the melt surface in the cutting front as the molten material is
continuously sheared and accelerated down the cut kerf by
the pressurized assist gas jet until the melt is ejected from the
cut kerf. Olsen1,2 described the fundamental mechanisms of
the cutting front formation in laser cutting and estimated the
melt film thickness at the cutting front by considering the
molten film formed by thermal conduction and the accelera-
tion of the molten material by the cutting gas pressure. He
reported that the limitation in the melt removal rate due to
the limited gas pressure in the cut kerf is the practical limit-
ing factor of the laser cutting process rather than the power
or intensity of the available laser beams.1 The melt removal

rate is especially critical during laser cutting of thick-section
metal because of the high amount of melt generated in the
narrow thick-section laser cut kerf.

Laser cut quality is strongly affected by the hydrody-
namic interaction of the assist gas jet with the molten mate-
rial in the cut kerf. The rate of melt removal depends on the
boundary layer flow which is the region close to the kerf wall
where the viscous effects are dominant and the velocity pro-
file is due to the shear stress. It is desirable that a laminar
boundary layer flow is sustained along the whole cut thick-
ness so that the laminar flow runs attached to the kerf wall
and effectively sweeping away the molten material. For good
cutting quality, a laminar flow regime can be maintained
throughout the cut depth in thin sheet cutting with a small cut
kerf but thick plate cutting requires a larger kerf width to
allow the flow to be laminar up to larger cut depths.3 Poor
cut quality results when the melt flow regime transitions into
a turbulent boundary layer before it clears the bottom cut
edge.

The gas flow dynamics inside the laser cut kerf consti-
tute an important factor in the resulting cut quality so that
much effort has been oriented toward improving the capabil-
ity of the assist gas to remove the molten material from the
cut kerf. Gross et al.4 investigated the melt flow pattern in-
side narrow thick-section kerfs using numerical simulation
techniques and identified wave structures in the melt flow
which reduced the drag and pressure forces available for
melt acceleration and subsequent expulsion. They reported
that a higher assist gas pressure enhanced a more homoge-
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neous acceleration with less integration of the flow down the
kerf leading to less or delayed build up of melt. Sparkes et
al.5,6 reported that the major factor limiting the cut quality in
inert gas laser cutting of �6–10�-mm-thick stainless steel
plates using the high brightness fiber laser was the difficulty
in obtaining full melt ejection through the narrow cut kerfs.
Duan et al.7 reported that the gas flow field inside the laser
cut kerf strongly depends on the geometric shape of the cut-
ting front that is determined by the input laser cutting param-
eters such as laser power, cutting speed, and focus position.
Increase in the inlet pressure, nozzle exit diameter, and over-
lap of the nozzle with the cut kerf improved the gas flow
field inside the kerf and enhanced efficient melt removal.
Tani et al.8 reported that dross formation was dependent on
the surface tension and occlusion of the kerf bottom through
an excess of liquid. Man et al.9 used shadowgraphic tech-
niques to study the gas jet patterns inside the cut kerf for
supersonic and subsonic �conical� nozzle tips under high in-
let stagnation pressure. They reported that the conical nozzle
tip produced a radically expanding flow and the behavior of
the gas jet inside the kerf worsened with increase in stand-off
distance while a properly designed supersonic nozzle tip pro-
duced a gas flow with uniform distribution so that the behav-
ior of the gas jet inside the kerf was independent of the
variations in stand-off distance. The gas jet behavior inside
the cut kerf was influenced by the kerf width and workpiece
thickness. Man et al.10 demonstrated that a proper design of
the supersonic nozzle for high gas pressure laser cutting
based on the theory of gas dynamics ensures that the exit jet
with high momentum and good uniform boundary can be
obtained so that the tolerance of the stand-off distance be-
tween the nozzle tip and the workpiece can be increased.

High gas pressures are utilized during laser cutting of
thick-section metal with an inert assist gas jet. However, a
supersonic gas jet delivered through the commonly used
conical gas nozzles results in a series of shock structures in
the gas flow due to the adjustment of the higher pressure at
the nozzle exit to the atmospheric ambient pressure. Chen et
al.11 reported that the interaction of the shock waves in a
supersonic gas jet contributes to a large reduction in the stag-
nation pressure at the cutting front thus reducing the material
removal capability of the assist gas jet. The shock structure is
influenced by the gas pressure and nozzle stand-off distance.
Fieret et al.12 reported that the complex shocks structure in a
supersonic gas jet results in various high pressure regions in
the gas flow but with limited tolerance in each high pressure
region. Jun et al.13 used numerical simulations to study the
effect of stand-off distance on the mass flow rate and the
axial thrust in the cut kerf and reported that stand-off dis-
tance has great effect on the shock structure and the jump
and fluctuation of the thrust for different exit Mach number.
The dynamic characteristics of gas jets from supersonic
nozzles for high pressure gas laser cutting and the design of
optimized supersonic nozzles capable of delivering a super-
sonic exit jet with high momentum and uniform boundary
have been addressed by various authors.14–16 Quintero et
al.17 demonstrated the benefits of an off-axis nozzle for mol-
ten material removal over the conventional coaxial assist gas
jet. However, the selection of the inclination angle between

the laser beam axis and the gas jet as well as the position of
the impinging point of the gas jet with regards to the inci-
dence point of the laser beam are crucial to the cut quality.
Riveiro et al.18 demonstrated the use of a supersonic cutting
head with an off-axis gas jet for the cutting of aluminum
alloy and reported that more superior cut quality was
achieved than with the conventional coaxial conical cutting
head. Duan et al.19 reported that the tendency for boundary
layer separation which reduces the cut edge quality is influ-
enced by the curved shock formed in the flow field inside the
cut kerf; and the curved shock becomes stronger with larger
inclination angle of the cutting front. The pressure gradient
in the cut kerf is influenced by the shock-structure in the
assist gas flow; the normal situation is the decreasing pres-
sure down the kerf, however, a sudden increase in pressure
results when the gas flow passes the point of incidence of the
curved shock resulting in a reduction in the flow velocity and
an increase in the boundary layer thickness.19,20 In order to
maintain a high cutting quality, a laminar boundary layer
melt flow must be maintained throughout the cut depth.
Schulz et al.21 described the time dependent interaction of
the contributing transport processes during laser cutting.
They reported that the onset of ripple formation on the cut
edge is caused by the time-dependent movement of the width
of the cutting front as a response to fluctuations of the pro-
cessing parameters.

This paper investigates the rate of melt removal from the
cut kerf during laser cutting of thick-section stainless steel
using an inert assist gas jet and identifies the process param-
eters that influence the rate of melt removal from the cut
kerf. The melt flow velocity and the melt film thickness are
modeled by applying the principles of conservation of mass
and momentum to the boundary layer flow. The model result
is correlated with the cut quality obtained in the experimental
investigation of laser cutting of 10 mm stainless steel AISI
304 �EN 1.4301� plate with nitrogen as assist gas.

II. MODELING OF LAMINAR BOUNDARY LAYER MELT
FLOW

The laser cutting front is formed by a thin melt film
which propagates through the material with a velocity that
depends on the energy input, thermal properties of the work-
piece material, and the molten material removal mechanisms.

A. Melt flow velocity formulation

As the laser cutting process progresses, the entire melt
surface is in contact with the gas jet as shown in the
schematic representation of the laser cutting front in Fig.
1�a�. The melt velocity profile in the boundary layer is
presented in Fig. 1�b�. The x-axis is directed in the cutting
direction, y is the coordinate perpendicular to the cutting
front, and z coordinate is along the cut depth.

To specify the melt flow problem, the following
assumptions are made:

�i� The melt film thickness is much smaller than the kerf
width and the workpiece thickness so that the melt
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ejection from the cut kerf can be taken as a two-
dimensional problem.

�ii� The cutting front inclination is negligible.
�iii� There is no substantial vaporization and the melt ejec-

tion is mainly directed down the cut kerf in the z
direction.

�iv� The melt is modeled as a viscous incompressible
fluid; and the melt flow is considered to be laminar
and steady.

�v� The melt flow velocity at any downstream position z
follows a smooth profile from zero at the melt/solid
interface �i.e., kerf wall� to the maximum melt veloc-
ity U at the gas/melt interface �see Fig. 1�b��.

Assumptions �i�–�v� given above are reasonable for the
case of laser cutting of thick-section metal using an inert
assist gas jet whereby lower cutting speeds are applied be-
cause of the higher laser power requirement.

The two-dimensional continuity equation �conservation
of mass� for a steady-state incompressible melt flow is given
by Eq. �1� �Refs. 22 and 23�

�uy

�y
+

�uZ

�z
= 0, �1�

where uy and uz are components of the melt velocity vector u
in y and z directions, respectively.

The melt ejection from the laser cut kerf is mainly driven
by two forces exerted by the assist gas jet which include: the
shear force at the gas/melt interface and the pressure
gradient.24 The shear stress, � exerted on the melt layer by
the assist gas jet is given as

� = ��
�uz

�y
�

y=0
, �2�

where � is the gas viscosity, uz is the melt velocity, and y is
the coordinate perpendicular to the cutting front.

The two-dimensional Navier-Stokes equations �conser-
vation of momentum� for motion of a fluid element are given
by Eqs. �3a� and �3b�. P is the assist gas pressure, � is melt
density, and � is the melt kinematic viscosity;22,23

��uy
�uy

�y
+ uz

�uy

�z
� = −

�P

�y
,

�� �2uy

�y2 +
�2uy

�z2 � , �3a�

��uy
�uz

�y
+ uz

�uz

�z
� =

�

�y
��

�uz

�y
� −

�P

�z
+ �� �2uz

�y2 +
�2uz

�z2 � .

�3b�

When there is no substantial vaporization in the cut kerf, the
melt ejection is mainly directed through the bottom of the cut
kerf �z direction� and the transverse velocity component uy

will be negligible. Continuity Eq. �1� reduces to �uZ /�z=0
and the boundary-layer Eqs. �3a� and �3b� reduce to Eqs. �4a�
and �4b�, respectively:

−
�P

�y
= 0, �4a�

�

�y
��

�uz

�y
� −

�P

�z
+ �

�2uZ

�y2 = 0. �4b�

The pressure gradient inside the cut kerf is given as20

�P

�z
= −

1

2

�gUg
2

d
, �5�

where �g is the gas density, Ug is the characteristic gas ve-
locity inside the cut kerf, and d is the workpiece thickness.

The gas velocity Ug in the cut kerf can be estimated
using the Bernoulli equation as

P = �gUg
2/2.

Putting Eq. �5� into Eq. �4b� gives

�2uz

�y2 = − � 1

� + �
���gUg

2

2d
� . �6�

During laser cutting, the velocity of the melting front is larg-
est at the central region of the cut kerf1,2 and the melt flow

FIG. 1. The cutting front and melt velocity profile in the boundary layer �w
is kerf width�.
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velocity uz must then be highest at the central region so as to
maintain a steady cutting process. The maximum melt veloc-
ity is obtained at the gas/melt interface and the melt velocity
is zero at the melt-solid interface due to the no-slip condition
at the kerf wall. Therefore, integrating Eq. �6� and noting that
�uz /�y=0 at y=w /2 �i.e., uz is maximum at the central re-
gion of the cut kerf where the melt is in contact with the gas
jet� and uZ=0 at y=0 �i.e., no-slip condition at the kerf wall�,
the expression for the melt flow velocity profile is given as

uz = � 1

� + �
���gUg

2

4d
��wy − y2� �7�

and the maximum melt flow velocity U at the gas/melt in-
terface �at y=w /2� is

U = � 1

� + �
���gUg

2

16d
�w2. �8�

B. Melt film thickness

Considering a unit thickness melt film thickness, the
total flow Q is given as

Q = �
0

w

uzdy

and the mean melt velocity um averaged across the cut kerf
is

um =
Q

w
= � 1

� + �
���gUg

2

24d
�w2.

For a steady laser cutting process, the mass balance between
the rate of melting and the rate of melt removal from the cut
kerf is given as

�umtw = �Vdw ,

where � is melt density, um is the mean melt velocity, t is the
melt film thickness, w is the kerf width, and d is the
workpiece thickness.

The melt film thickness t is

t =
24vd2�� + ��

�gUg
2w2 . �9�

The physical properties of the stainless steel workpiece and
nitrogen gas given in Table I are used to model the melt
flow velocity U and melt film thickness t using Eqs. �8� and
�9�, respectively.

C. Separation and transition of flow

From the boundary-layer Eq. �4b�, we have at the kerf
wall22

�P

�z
= �� + ��� �2uz

�y2 �
0
. �10�

It follows from Eq. �10� that in the case of a zero external
pressure gradient �i.e., �P /�z=0�, ��2uZ /�y2�0=0 and the
velocity gradient will take the preferable general form where
�uZ /�y is greatest at the kerf wall and falls steadily to zero at
the outer edge of the boundary layer as shown in Fig. 2�a�.
However, if there is an adverse pressure gradient in the cut
kerf �i.e., �P /�y�0�, ��2uZ /�y2�0 will be positive and
�uZ /�y will first increase with distance from the kerf wall
before it starts to fall off to zero as shown in Fig. 2�b�.
Under extreme conditions of adverse pressure gradient, the
velocity profile becomes increasingly distorted until the
velocity gradient at the kerf wall ��uZ /�y�0 is zero �see Fig.
2�c�� and at this point separation of melt flow from the kerf
wall occurs. There will be a back-flow adjacent to the kerf
wall downstream from the separation point and the flow
transitions into a turbulent flow in the boundary layer.

The transition to turbulent flow in the boundary layer
can take place even when there is no adverse pressure
gradient, for example, disturbances in a laminar boundary
layer can become amplified until turbulence is developed.

III. EXPERIMENTAL PROCEDURE

A fiber laser �IPG YLR 5000� delivering a maximum
output power of 5 kW at cw mode was used for performing
the cutting tests on 10 mm stainless steel AISI 304 �EN
1.4301� plate with nitrogen assisting gas and cutting param-
eters given in Table II. The UTHSCSA ImageTool program
was used to measure the kerf width from digital images of

TABLE I. Physical properties of stainless steel and nitrogen gas �Refs. 25
and 26�.

Property Stainless steel Nitrogen

Density �kg /m3� 8030 1.185
Viscosity �mPas� 10.26 �at 1439 °C� 0.0165

FIG. 2. Effect of pressure gradient on the flow velocity profile and separa-
tion.
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the cut kerfs obtained using an optical microscope-camera
combination. Similarly the boundary layer separation point
on the cut edges was measured from digital images of the cut
edges.

IV. RESULTS AND DISCUSSION

A. Features on the cut edge

The main features on the thick-section stainless steel
laser cut edge that signify the efficiency of melt removal
from the cut kerf include the boundary layer separation point
and the dross attachment on the lower cut edge. The profile
of the cut edges shows that the melt flow starts out from the
top of the cut kerf as a laminar boundary layer flow in which
the melt streamlines follow straight paths. As the melt flow
progresses down the cut kerf, the boundary layer thickness
increases and a point is reached where the flow regime
transitions into a turbulent boundary layer flow in which the
melt particles move in haphazard paths as shown by the
nature of the streamlines in Fig. 8. The depth of flow
separation indicates the distance from the top of the cut kerf
where boundary layer separation occurs as the laminar
boundary layer transitions into a turbulent boundary layer
�see Fig. 3�. The striation pattern above the boundary layer
separation point is usually uniform following straight
contours along the cut thickness but the striation pattern
below the separation line is irregular with slanting contours.

B. Comparison of the model and experimental results

The model and experimental results show the influence
of the assist gas pressure and cut kerf width on the rate of
melt removal from the cut kerf �see Figs. 4 and 5�. With
increase in assist gas pressure, Fig. 4 shows that melt flow
velocity increases and the melt film thickness decreases so
that the boundary layer separation point moves down the cut
kerf. An increase in cut kerf width results in an increase in
the melt flow velocity and a reduction in the melt film
thickness �Fig. 5� and the boundary layer separation point
moves down the cut kerf. The experimental investigation
also shows that the dross attachment on the lower cut edge
reduces with increase in assist gas pressure and cut kerf
width.

C. Effect of assist gas pressure

The position of the boundary layer separation point
moves closer to the bottom cut edge with increase in assist
gas pressure �see Fig. 4� due to an increase in the Reynolds
number of the melt flow. The inertial force exerted on the
melt film by the assist gas is higher with increase in assist

TABLE II. Cutting parameters.

Property Units Value

Laser power kW 2–5
Cutting speed m/min 0.2–1.8
Nozzle diameter mm 1.0–2.5
Gas pressure bar 4–20

FIG. 3. Definition of depth of flow separation.

FIG. 4. Correlation of depth of flow separation with calculated melt velocity
and melt film thickness.
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gas pressure resulting in a thinner boundary layer thickness
and the laminar boundary layer flow can be sustained over a
longer distance down the cut edge. When the boundary layer
is thin, the velocity gradient �duZ /dy� normal to the flow is
large and a large shear stress, �0 �where �0=�duZ /dy� is
exerted at the kerf wall by the assist gas. The corresponding
shear force is large enough to exert the necessary drag on the
melt close to the kerf wall and maintain a laminar flow
regime as the viscous shear stresses hold the melt particles in
a constant motion within layers. With low assist gas
pressure, the melt flow is sluggish so that the viscous forces
in the boundary layer will be more significant and the
boundary layer thickness increases rapidly. As the boundary
layer thickness increases, the velocity gradient becomes
smaller and the viscous shear stresses decrease until they are
no longer enough to drag the slow melt particles close to the
kerf wall in layers and the laminar boundary layer melt flow
rapidly transitions into a turbulent boundary layer. In the
turbulent boundary layer, the melt particles rotate in such a
way that the melt particles from the fast moving region
move to the region where the particles are slower and the
slower melt particles move to the faster moving region with
the net effect of an increase in momentum in the boundary
layer.

The viscous forces in the boundary layer flow and the

pressure drop down the thick-section cut kerf reduce the
melt removal rate at the lower cut section resulting in a melt
flow separation and dross attachment on the lower cut edge.
As the boundary layer thickness increases down the cut
thickness due to deceleration of the melt film by friction
between the melt layers close to the kerf wall, flow
separation occurs when the melt flow regime in the
boundary layer transitions from a laminar flow to turbulent
boundary layer flow. Also surface tension retards the melt
from clearing the lower cut edge causing dross attachment
on the lower cut edge.

D. Effect of nozzle diameter and nozzle standoff
distance

The nozzle size has a significant effect on the depth of
flow separation but the nozzle standoff distance did not
significantly affect the depth of flow separation �see Fig. 6�.

The nozzle diameter determines the mass flow rate of
the assist gas delivered into the cut kerf and influences the
inertial force exerted by the assist gas at the gas/melt
interface. A larger nozzle diameter increases the mass flow
rate of the assist gas in the cut kerf resulting in a higher
inertial force exerted by the assist gas on the gas/melt
interface and subsequently a smaller boundary layer
thickness. The effect is that the melt flow will progress down
the cut kerf for a longer distance without flow separation and
with lower dross attachment on the lower cut edge �see Fig.
7� indicating that a larger nozzle diameter gives a higher
melt removal rate and better cut edge quality.

E. Effect of focal point position

The narrow cut kerfs produced when the focal point
position is located closer to the workpiece top surface results
in reduced melt removal rate and flow separation occurs
before the melt clears the bottom cut edge �Fig. 8�. Clean cut
edges—with minimal dross attachment and with the depth of
flow separation close to the bottom edge of the workpiece—
are obtained when the focal point position is located close to
the bottom edge of the workpiece or above the workpiece
top surface provided that the power intensity on the
workpiece is sufficient to achieve complete penetration of

FIG. 5. Calculated melt velocity and melt film thickness with assist gas
pressure and cut kerf width.

FIG. 6. Depth of flow separation with nozzle stand-off distance for different
nozzle sizes.
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the workpiece. The wider cut kerfs produced with the
defocus focus positions enhance the melt removal rate so
that the melt flow clears the bottom cut edge before flow
separation occurs. Penetration of the 10 mm stainless steel
workpiece at 1.0 m/min with 4 kW laser power could not be
achieved with the focal point position located at 6 mm above
the workpiece top surface due to the reduced power intensity
at the workpiece.

The main factors to be considered when deciding the
optimum focal point position in thick-section metal cutting
include the required power intensity to penetrate the
workpiece at a high cutting speed and the kerf width
required for efficient melt ejection from the cut kerf. Focal
point positions located away from the workpiece top
surface—either above the workpiece top surface or close to

the bottom surface of the workpiece—give a larger focused
beam size on the workpiece and produce wider cut kerfs
which enhance the melt flow velocity in the cut kerf so that
the melt flow clears the bottom cut edge before flow
separation occurs and with minimal dross attachment on the
lower cut edge. However, the necessary condition for these
focal point positions is that the power intensity on the
workpiece should be sufficient to produce complete
penetration of the workpiece.

F. Effect of cutting speed

The depth of flow separation moves closer to the bottom
cut edge with increase in cutting speed �Fig. 9�.

Higher dross attachment is obtained when lower cutting
speeds are applied than during a faster cutting process �see
Fig. 10�. The high power loss from the cutting zone to the
substrate material when cutting is performed with low
cutting speeds results in lower melt temperature and high
melt viscosity due to the temperature dependence of
viscosity. This subsequently results in reduced melt removal
rate at the lower cut section where there is melt buildup and
high dross attachment on the lower cut edge �see Fig. 10�a��.
As the cutting speed is increased, the beam is more
efficiently coupled to the workpiece and less power is lost
from the cutting zone to the substrate material. Due to the
reduced power losses during a fast laser cutting process, the
melt temperature will be higher resulting in lower melt
viscosity and better melt removal from the cut kerf with less
dross attachment on the lower cut edge �see Fig. 10�b��.

V. CONCLUSIONS

The melt flow velocity and melt film thickness were for-
mulated in this paper and correlated with the depth of flow
separation on the cut edge in 10 mm stainless steel AISI 304
�EN 1.4301� workpiece. Good correlation was found be-
tween the calculated melt flow velocity and melt film thick-
ness, with the depth of flow separation on the cut edge in the
cutting experiments. A high cut edge quality is obtained
when the assist gas pressure is sufficient to sustain a laminar
boundary layer throughout the entire cut thickness so that the

FIG. 7. Effect of nozzle size on flow separation depth �4 kW, 1.0 m/min, 18
bar, �8 focal point position�.

FIG. 8. Depth of flow separation and kerf width variation with focal point
position.

FIG. 9. Depth of flow separation with cutting speed.
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melt flow clears the cut edge without the occurrence of flow
separation and with minimal dross attachment on the lower
cut edge.

The cutting parameters that have a significant influence
on the rate of melt removal from the cut kerf during thick-
section stainless steel laser cutting using an inert assist gas
include the assist gas pressure, nozzle diameter, focal point
position, and cutting speed. A high rate of melt removal from
the cut kerf and subsequently high cut edge quality can be
achieved with the following cutting conditions:

High assist gas pressure ��16 bar in 10-mm-thick work-
piece�.
Large nozzle diameter �e.g., 2.5 mm nozzle�.

Focal point position located close to the workpiece bottom
surface so as to create a larger cut kerf width.
Optimum cutting speed to prevent dross attachment on the
lower cut edge.
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Inert gas assisted laser cutting of 10 mm stainless steel plate and 4 mm aluminum sheet was
performed with a 5 kW fiber laser. The effects of laser power, cutting speed, focal point position, and
assist gas pressure on the cutting performance and cut quality were investigated. Clean cut surfaces
without or with minimal dross were achieved with some combinations of process parameters and
attempts were made to define parameter windows in terms of cutting speed and laser power for good
quality cutting. The maximum cutting speeds for acceptable cut quality were determined at different
power levels. The range at which complete through cutting could be achieved �so-called parameter
window� was limited upwards by insufficient power intensity to obtain through cutting at high
cutting speeds and downwards by heat conduction at slow cutting speeds. The effects of focal point
position and assist gas pressure on the striation pattern �cut surface roughness� were also examined.
Low surface roughness was achieved with the focal point position inside the workpiece showing the
need for a wider kerf for better melt ejection in thick-section metal cutting. There was also a
reduction in surface roughness with increase in assist gas pressure, but there was no significant
reduction in surface roughness above the gas pressure of 16 bar, which could be due to the gas flow
dynamics inside the narrow cut kerf at high assist-gas pressures. © 2009 Laser Institute of
America.

Key words: Fiber laser cutting, thick-section, stainless steel, aluminum

I. Introduction

The trend toward very high laser beam quality with high
output powers of the high brightness fiber laser—which re-
sults in performance gains for thick-section metal cutting—
has increased the need for detailed knowledge on the cutting
performance of the fiber laser and the resulting cut quality.1–3

In principle, thick-section laser cutting can be facilitated by
the high beam quality of the high brightness fiber laser which
enables high power densities through focusing of the high
quality laser beam to a small spot size, a large depth of field
for processing when combined with long focal length optics,
and utilization of longer beam delivery fibers when cutting is
performed in remote locations.4

Material thicknesses can be divided into different thick-
ness ranges by the applications. In this paper the thicknesses
are divided into three categories: thin section �up to 2 mm�,
medium section �2–6 mm�, and thick section above 6 mm.
The potential of the high power fiber laser for thick-section

cutting has been examined experimentally and promising re-
sults have been reported. All of the research of cutting stain-
less steel with modern lasers is carried out with high pressure
nitrogen cutting, which is a logical choice combining high
value added process to high value and performance material.
In a comparison of the thick-section metal sheet cut quality
and cutting performance of the CO2 and fiber lasers, Himmer
et al.5 and Wandera6 reported increased cutting speeds for the
fiber laser cutting but the CO2 laser produced a better cut
surface quality for thick sheets. The high brightness sources
�disk and fiber lasers� offer considerable process improve-
ments on thinner section materials, but the performance of
the CO2 laser matches that of the high brightness lasers more
and more as the section thickness increases.7 The authors6,8

as well as other researchers9 have investigated experimen-
tally the medium-section stainless steel cutting using a high
power fiber laser. Higher cutting speeds have been reported
for fiber laser cutting compared to CO2 laser cutting speeds
but difficulties in obtaining full melt eject through the narrow
fiber laser cut kerfs have been noted. The first experimental
work explaining the gas jet phenomena between the nozzlea�Electronic mail: veli.kujanpaa@lut.fi.
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tip and workpiece surface was presented by Fieret et al.10

The behavior of the gas jet inside the cut kerf has also been
investigated.11,12 Zefferer et al.11 used the Schlieren optical
method to investigate the cutting gas flow pattern inside the
simulated cutting kerf models and reported the presence of
shock structures within the cutting kerf. They also observed
the dependence of the boundary layer separation position on
the nozzle geometry, nozzle position, cutting gas pressure,
and workpiece thickness. Gas dynamics is still an important
topic in laser cutting today because of the continuously in-
creasing possibilities for laser cutting. These possibilities are
gained in terms of increased material thickness that can be
cut due to the development of improved laser systems with
better beam quality and higher output powers. Olsen’s13 the-
oretical prediction of a more coarse cut surface roughness
without striation pattern in the middle zone of the cut surface
was corroborated by experimental evidence from the work of
Wandera et al.8 in which a 6 mm stainless steel fiber laser cut
surface showed the highest roughness in the middle section
of the cut thickness.7 The characteristic appearance of the
thick-section cut surfaces having lower roughness at the up-
per part and increased roughness at the bottom part of the cut
surface is attributed to the gas flow separation from the cut-
ting front.14 Beyer et al.15 and Hammann16 argued that the
poor cut quality in thick-section metal cutting with the fiber
laser is due to the greater absorption of the 1 �m radiation
which results in increased melting capacity and the poor melt
ejection compared to the melting capacity and melt ejection
obtained with the 10 �m CO2 laser radiation. The melting
and melt ejection mechanisms have to be well balanced so as
to achieve a high cut quality.

In view of the fact that the thick-section fiber laser cut-
ting parameters have not yet been understood quite well as
compared to the thick-section cutting with CO2 laser which
has been dominating this area for a long time, the present
work investigates the fiber laser cutting performance and the
cut quality of 10 mm stainless steel plate and 4 mm alumi-
num sheet. The maximum cutting speeds with different laser
power levels and the effects of assist-gas pressure and focal
point position on the cut surface roughness are examined.

II. Experimental setup

A. Experimental procedure

Cutting experiments were undertaken using an IPG
YLR-5000 fiber laser which has a beam parameter product
of 4.2 mm� mrad and a power range of 40–5000 W. The
beam was delivered through a 100 �m fiber into a standard
Precitec cutting head Hp1.5 YW50 for thick-section flat
cutting and a conical nozzle tip was used. The cutting head
is also suitable for high pressure cutting. The optical system
consisted of a 100 mm collimation lens and focusing lenses
with focal lengths of 127 and 190.5 mm, giving focal point
diameters of 0.16 and 0.24 mm correspondingly. All tests
were made with a CN-controlled workstation with a working
area �X�Y �Z� of 11.7 m�2.7 m�1.2 m. The
acceleration of the workstation is less than 0.5 G and the
maximum achievable speed is 20 m/min.

The tested materials included stainless steel 1.4301 with
plate thickness of 10 mm and aluminum 5754 with sheet
thickness of 4 mm; the workpieces were prepared into sizes
of 200 mm�150 mm. Nitrogen was used as the assist gas.
The cutting tests examined the influence of variations in
process parameters—laser power, assist-gas pressure, focal
point position, and cutting speed—on the cutting
performance and cut quality. The focal point position was
defined relative to the workpiece surface as being positive
when the focal point was above the workpiece top surface
and negative for focal point below the workpiece top surface
�i.e., above the material or inside it�. The cutting was
performed by cutting straight cuts beside each other. The
cutting of curves or corners was not included in this paper.
The process parameter ranges employed are given in Table I
and the cutting sequence and experimental setup are shown
in Fig. 1.

Within the ranges shown in Table I the actual
experiments were performed with steps of 1 kW when
testing the effect of laser power. With each power level the
cutting speed was varied with steps of 0.1 m/min in case of
stainless steel and 0.2 m/min in case of aluminum until the

TABLE I. Process parameter levels.

Laser power �kW� 1–5
Gas pressure �bar� 6–22
Focal length �mm� 127, 190.5
Focal point positiona �mm� +8 to �12
Cutting speed �m/min� 0.1–10.8

a+ focal point above the workpiece top surface; � focal point below the
workpiece top surface.

FIG. 1. Cutting sequence and experimental setup.
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speed giving best quality was achieved. The gas pressure
was studied in steps of 2 bar in both cases of stainless steel
and aluminum.

The laser beam produced by the laser has random
polarization, which is maintained also while transporting the
beam with standard optical fiber used. Therefore the effect
of polarization was not studied.

The maximum cutting speed was specified by testing the
maximum cutting speed that could separate the material. The
acceptable cut edge quality was then studied among the
samples cut and the cut edge quality was specified by visual
examination by optical microscopy and measurement of the
surface roughness. The surface roughness was measured in
Rz such as that suggested by the standard ISO/EN
9013:2002.17

III. Results and discussions

A. Physical observations

The quality of the cut edge can be evaluated by
measuring the surface roughness. In practice the roughness
will vary while studying it throughout the thickness.
Typically the surface is smoother in the top part of the cut
edge and rougher in the lower part of the cut edge. This
means in practice that the roughness measurement should be
supported by visual examination which gives the idea of the
real shape of the cut edge. Some selected samples made at
maximum cutting speed for the given laser power are shown
in Fig. 2.

1. Stainless steel

Stainless steel cutting was showing behavior typical to
this material. With some parameter combinations the cut
surface showed a chaotic striation pattern. The cut edge had
adherent dross when cutting was performed with lower
speeds and cleaner cut edges were obtained with higher
cutting speed. The speed giving optimum quality was about
20–33 % lower than the maximum cutting speed. The cut
quality at this point looks quite smooth and with regular
striation pattern �see Fig. 3�.

2. Aluminum

The aluminum cut surfaces showed a regular striation
pattern in most of the cases. The striation pattern changed
with speed such that with lower speed the striations were
more spaced and with higher speed the striations were finer.
Dross attachment was evident on the bottom of the
aluminum cut surfaces showing an inefficient melt removal
at the kerf exit.

B. Maximum cutting speed

When testing the maximum achievable cutting speed for
each of the material there is a definition of quality to be
made. Typically the cutting speed giving the best quality was
lower than the maximum speed cutting through the material.
The cutting speed giving the best cut quality can be referred
to as the optimum cutting speed especially for applications
where high quality is of paramount importance. If the cutting

TABLE II. Comparison of effect of power density on the required heat input
for cutting through the material in case of stainless steel.

Power
�kW�

Speed
�m/min�

Heat input
�kJ/mm�

Power density
�W /mm2�

1.0 2.2�104

2.0 0.2 0.60 4.4�104

3.0 0.8 0.23 6.6�104

4.0 1.2 0.20 8.8�104

5.0 1.5 0.20 1.1�105

FIG. 2. Cut edge quality at maximum cutting speed.

FIG. 3. The smooth cut surface with regular striation pattern on 10 mm
stainless steel plate �laser power of 4 kW, cutting speed of 1 m/min, and
nitrogen assist gas pressure of 20 bar�.

156 J. Laser Appl., Vol. 21, No. 3, August 2009 Wandera, Salminen, and Kujanpaa



speed was increased beyond this optimum cutting speed or
lowered to too low a speed, there was dross formation in the
bottom side of the cut edge.

The maximum cutting speeds with the corresponding
required laser power levels—beyond which cutting was not
possible—are presented in Fig. 4.

The cutting of 10 mm stainless steel plate was not
possible with laser power of 1 kW because this power level
is insufficient to produce complete cuts even at the lowest
reasonable cutting speeds. In case of aluminum, cutting with
the power of 1 kW was possible even though the parameter
window was quite small.

The parameter windows for good quality process-safe
cutting �Figs. 5 and 6� give the minimum and maximum
cutting speeds for each laser power level for which complete
cutting was possible. The combinations of laser power and
cutting speed which produced clean dross free cuts are

indicated as well as those combinations where cutting was
not possible. The range at which complete through cutting
could be achieved was limited upwards by insufficient
power intensity to obtain through cutting at high cutting
speeds and downwards by heat conduction at slow cutting
speeds.

1. Stainless steel

At laser power of 5 kW, a clean cut surface was
produced in 10 mm stainless steel plate at a maximum
cutting speed of 1.5 m/min with gas pressure of 19 bar. The
whole parameter window for stainless steel cutting is
presented in Fig. 5.

FIG. 4. Maximum cutting speeds with the corresponding required laser
power.

FIG. 5. Parameter window for good quality cutting of 10 mm stainless steel
plate �gas pressure of 19 bar, focal length of 190.5 mm, focal point position
of �8 mm, working distance of 0.5 mm, and nozzle diameter of 2.5 mm�.

FIG. 7. The variation in surface roughness with focus position: laser power
of �4 kW, focal length of �190.5 mm �stainless steel cutting speed is 1
m/min and assist gas pressure of 19 bar; and aluminum cutting speed is 7
m/min and assist gas pressure of 20 bar�.

FIG. 6. Parameter window for good quality cutting of 4 mm aluminum �gas
pressure of 14 bar, focal length of 190.5 mm, focal point position of �2
mm, working distance of 0.5 mm, and nozzle diameter of 1.5 mm�.
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Only a slight increase in cutting speed with laser power
was realized in the stainless steel plate cutting. However,
this seemingly slight increase in stainless steel plate cutting
speed could be misleading in actual sense considering the
thickness of the material being 10 mm.

2. Aluminum

Clean dross free cuts in 4 mm aluminum sheet were
produced at a maximum cutting speed of 10.2 m/min with
gas pressure of 14 bar. A sharp increase in cutting speed with
increase in laser power was realized in the cutting of the 4
mm aluminum sheet �see Fig. 6�.

In general when the cutting speed is increased high
enough for a given laser power level, a maximum cutting
speed is reached beyond which the laser power is
insufficient to produce complete cutting and in that case a
maximum cutting speed for that power level has been

exceeded. However, there is a significant variation in cut
quality even in combinations of laser power and cutting
speed where complete through cutting is possible �see Figs.
5 and 6�. The dross-free cutting range was larger at higher
laser powers. The widening of the dross-free cutting range at
higher laser powers is due to the increased incident intensity
which enhances the cutting speeds and hence improves the
thermal efficiency. As shown in Table II in the case of
stainless steel, the power density of 2.2�104 W /mm2 is not
high enough to enable cutting through the 10 mm stainless
steel plate. It can be seen from Tables II and III that the
higher the intensity the lower the heat input required for
cutting through the material.

C. Variation in surface roughness with focal point
position

The variation in surface roughness with focal point
position �Fig. 7� shows that there is an optimum focal point
position which produces minimum cut surface roughness
while there are focal point positions where cutting through
the material cannot be achieved.

TABLE III. Comparison of effect of power density on the required heat
input for cutting through the material in case of aluminum.

Power
�kW�

Speed
�m/min�

Heat input
�kJ/mm�

Power density
�W /mm2�

1.0 0.9 0.07 2.2�104

2.0 3.4 0.04 4.4�104

3.0 6.0 0.03 6.6�104

4.0 7.8 0.03 8.8�104

5.0 10.2 0.03 1.1�105

FIG. 8. Effect of focal point position on striation pattern �stainless steel �10
mm�: 4 kW, 1 m/min, and 19 bar nitrogen assist gas pressure�.

FIG. 9. Effect of focal point position on striation pattern �aluminum �4 mm�:
4 kW, 7 m/min, and 20 bar nitrogen assist gas pressure�.
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1. Stainless steel

The optimum focal point position that produced the best
cut quality for the cutting of the 10 mm stainless steel plate
was �8 �i.e.,8 mm below the workpiece top surface�.
Cutting of the 10 mm stainless steel plate was not possible
with +8 and �12 focal point positions.

Depending on the focal point position, the stainless steel
cut surfaces showed a visible separation point in which the
striation pattern above the separation point was finer and
regular while the striation pattern below the separation point
was coarse and irregular. The separation point was pushed
down the cut surface when the focal point position was
located away from the workpiece top surface and it was not
observable in the 10 mm stainless steel at the focal point
position of 8 mm below the workpiece top surface revealing
a uniform striation pattern throughout the whole cut surface
�see Fig. 8�. The variation in striation pattern with focal
point position indicates the influence of the cut kerf size on
the melt removal mechanism.

The size of the cut kerf is critical in thick-section laser
cutting because it influences the efficiency of melt removal.
The optimum focal point positions located below the
workpiece top surface enhance the formation of a wider cut
kerf which enables efficient removal of the molten material.
The high power fiber laser with its high beam quality
produces very high power intensity with a small spot size
which enhances a small kerf width. Therefore, the
improvement of the cut surface roughness at the focal point
positions below the workpiece surface is as a result of the
wider kerf produced for such focal point positions.

2. Aluminum

The optimum focal point position that produced the best
cut quality in 4 mm aluminum sheet was �2 mm �i.e., 2 mm
inside the workpiece� and cutting was not possible with the
�4 �i.e., 4 mm inside the workpiece� focal point position.
Figure 9 shows the variation in striation pattern of the
aluminum cut surface with focus position. Unlike in the

stainless steel cut surfaces where there was a visible
separation point on the cut surface, the striation pattern on
the aluminum cut surfaces was uniform throughout the
workpiece thickness. There was adherent dross on the
aluminum cut edge when the focal point position was
located 4 mm above the workpiece top surface. This dross
could easily be removed by a simple cleaning operation such
as wire brushing.

D. Variation in surface roughness with assist-gas
pressure

A noticeable reduction in surface roughness was realized
with increasing assist-gas pressures �see Fig. 10� showing a
significant influence of the assist-gas pressure on the quality
of the cut surface. The reduction in surface roughness was

FIG. 10. The variation in surface roughness with assist gas pressure: laser
power of �4 kW, focal length of �190.5 mm �stainless steel cutting speed
is 1 m/min and focus position of �8; and aluminum cutting speed is 7
m/min and focus position of �2�.

FIG. 11. Effect of assist gas pressure on striation pattern �stainless steel �10
mm�: 4 kW, 1 m/min, and �8 focal point position�.
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not much after the gas pressure of 16 bar and this could be
due to the gas flow dynamics inside the narrow cut kerf at
high assist-gas pressures. The gas flow dynamics inside the
cut kerf is also influenced by other process parameters such
as working distance, nozzle tip diameter, and the nozzle type
�supersonic or subsonic�.

1. Stainless steel

The striation pattern on the stainless steel cut surfaces
was coarse and irregular at low assist-gas pressures but
became smoother and regular with increase in assist-gas
pressure �see Fig. 11�. There was also some adherent dross at
low assist-gas pressures but was cleared out as the assist-gas
pressure increased. The higher assist-gas pressure provides
the necessary force required to blow the molten material out
of the kerf and produce clean cut edges.

2. Aluminum

The aluminum cut surfaces had a regular and uniform
striation pattern even with lower assist-gas pressures;
however, there was adherent dross on the cut edges made
with low assist-gas pressures �see Fig. 12�. The adherent
dross was cleared with increasing assist-gas pressure such
that the workpiece made with 20 bar assist-gas pressure was
completely clean with no adherent dross showing that this
pressure was able to provide the necessary force required to
completely blow the molten material out of the cut kerf.

IV. Conclusions

The laser cutting of 10 mm stainless steel plate and 4
mm aluminum sheet with a high power fiber laser has been
investigated in this paper. The maximum cutting speeds at
different laser power levels were determined. The effects of
focus position and assist-gas pressure on the cut surface
roughness were also examined. Clean cut surfaces without
dross or minimal dross were achieved with some process
parameter combinations and it was possible to define process
parameter windows—in terms of laser power and cutting
speed—for good quality cutting. Acceptable cut quality was
produced with the focal point position inside the plate show-
ing the need for a wider cut kerf in thick-section metal cut-
ting using the high power fiber laser.
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Abstract 

 

Optimization of the fiber laser cutting parameters for attainment of high cut edge quality in 

10 mm stainless steel plate was demonstrated in this study. The tested process parameters 

included cutting speed, focal position, and focal length. Optimization of these process 

parameters enhances the melt removal from the cut kerf so as to prevent the undesired 

dross adherence on the lower cut edge or even incomplete penetration of the workpiece 

when the incident intensity is not sufficient to penetrate the workpiece.  

 

Dross-free cut edges with lower surface roughness and lower deviation of cut edge 

squareness could be achieved by reducing the cutting speed from the maximum achievable 

value, using the longer focal length lens for focusing the laser beam, and with focal 

position located on the bottom workpiece surface. These conditions enhance a high melt 

removal rate resulting in a high cut edge quality. 

 

Keywords: Cut edge quality; laser cutting; thick-section; stainless steel; fiber laser 

 

 

1. Introduction 

 

Cutting of steel using laser is widely performed in industry today. Manufacturers using 

laser cutting in their production are particularly interested in attainment of high cut quality 

so that rework of cut pieces can be eliminated, high cutting speeds for maximization of 

productivity, and cutting reproducibility. Consequently, economical criteria affecting the 

choice of a suitable laser system for a particular laser cutting application is now gaining 

much importance. Increased process efficiency, quality, and flexibility help to reduce 

costs. The CO2 laser is currently the industrial workhorse for laser cutting of metal from 

thin- to thick-section and the solid-state Nd:YAG laser is the laser of choice for thin-

section high precision metal cutting [1]. The advent of the high power fiber laser - 

operating at near infrared spectral range (1060 – 1080 nm) and having a unique 

combination of high power, high beam quality, and high wall plug efficiency - is expected 

to steer the application of solid-state lasers to the field of thick-section metal cutting which 

has been largely dominated by the CO2 laser [2, 3, 4]. 
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In the cutting of medium-section stainless steel (1 - 6 mm) using the ytterbium fiber laser 

and the CO2 laser, higher cutting speeds have been achieved with the fiber laser than with 

the CO2 laser but the CO2 laser cut quality was better than that of the fiber laser [5]. The 

poor cut edge quality obtained in inert gas assisted laser cutting of thick-section stainless 

steel cutting using the high brightness fiber laser results from the difficulty in obtaining 

full melt ejection through the narrow thick-section cut kerfs [6, 7, 8]. Himmer et al. 

compared the cutting quality and cutting performance of the CO2 laser and fiber laser beam 

sources in cutting of 10 - 20 mm stainless steel EN 1.4301 and reported that the cut edge 

quality for both laser sources was sufficient but the single mode and multimode fiber lasers 

in the kilowatt range increased the cutting speed [9]. The laser power requirement for 

cutting of a steel workpiece at a given cutting speed using the fiber laser is lower than that 

for the CO2 laser [10]. The poor cut edge quality obtained in the fiber laser cutting, 

especially at larger workpiece thickness, is reportedly influenced by the fiber laser 

absorption mechanism which is different from the absorption mechanism in CO2 laser 

cutting due to the different wavelengths [11, 12]. The increased cutting speed advantage of 

fiber laser cutting of metal is mainly achieved in thin-section cutting (up to about 2 mm) 

and falls as workpiece thickness increases towards the medium-section (2 - 6 mm) and 

thick-section (above 6 mm). The absorptivity of the fiber laser radiation reaches a distinct 

maximum in the range of small sheet thickness but monotonically decreases with the sheet 

thickness while the absorptivity of the CO2 laser radiation continuously grows with sheet 

thickness and the maximum absorptivity is attained with larger sheet thicknesses [13]. 

 

The maximum achievable cutting speed for a given power level and the resulting cut edge 

quality are governed by the process parameters including laser power, focal length of 

focusing lens, focal position relative to workpiece surface, type and pressure of assist gas, 

nozzle diameter, and nozzle stand-off distance. Different cut quality regions can be defined 

for different combinations of laser power and cutting speed such that optimum cut quality 

may be achieved with a cutting speed that is lower than the maximum cutting speed 

achievable with a given laser power [14]. Optimization of the process parameters enhances 

the melt removal from the cut kerf so as to prevent the undesired dross adherence on the 

lower cut edge or even incomplete penetration of the workpiece when the incident intensity 

is not sufficient to penetrate the workpiece. Lugan et al. investigated the cut edge quality 

for the CO2 laser cutting of laser grade, mild and C-Mn steels of 6 and 12 mm thickness 

and reported that silicon has a positive effect on surface roughness and a negative effect on 

edge squareness. They also reported that an industrial survey of cutting capability trials 

carried out in a series of laser cutting jobshops in the United Kingdom showed a high 

consistency in laser cut quality between different operators, jobshops and laser cutting 

systems [15]. Olsen et al. presented an approach developed for laser cutting with high 

brightness and short wavelength lasers in which multibeam patterns are applied to control 

the melt flow out of the cut kerf for improved cut quality in metal cutting. The approach 

involves splitting up the beams from two single mode fiber lasers and combining the 

beams into a pattern in the cut kerf whereby the melt beam and the melt ejection beams are 

positioned relatively to each other [16].  
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This paper describes the particular aspects that are essential for the optimization of the 

fiber laser cutting process parameters for the cutting of a 10 mm stainless steel plate. The 

tested process parameters included cutting speed, focal position relative to the workpiece 

top surface, and focal length of the focusing lens. Optimization of these process parameters 

enables improvement of the cut edge quality by minimizing dross adherence on the lower 

cut edge, minimizing the cut surface roughness, and minimizing the cut edge squareness 

deviation.  

 

 

2. Experimental Procedure 

 

2.1 Material and test environment 

 

The laser beam was generated by a solid-state ytterbium fiber laser (IPG YLR-5000) 

delivering maximum output power of 5 kW with a nominal BPP of 5.2 mm.mrad and the 

laser beam was transferred to the cutting head via a 150 µm diameter optical fiber. A 

coaxial conical nozzle of 2.5 mm diameter was used to deliver the nitrogen assist gas jet 

with pressure of 20 bar. The workpiece was 10 mm thick austenitic stainless steel AISI 304 

(EN 1.4301) plate with typical chemical composition given in Table 1. The surface 

roughness measurement was performed according to ISO standard using a Mitutoyo stylus 

instrument (SurfTest SJ-201 Ver3.10) with a cut-off length of 2.5 mm and total 

measurement length of 7.5 mm.  

 

Table 1. Chemical composition of workpiece material [17] 

Stainless steel AISI 304 (EN 1.4301)  

Element C Cr Ni Fe 

Content (wt-%) 0.04 18.1 8.3 Balance 

 

  

2.2 Laser cutting tests 

 

Cutting of the 10 mm stainless steel plate was performed using 4 kW laser power. The 

process parameters that were investigated for optimization in this study included the 

cutting speed, focal position, and focal length such that a full factorial experiment 

corresponding to 4*3*2 = 24 test trials was designed as given in Figure 1. The influences 

of the assist gas pressure, nozzle diameter, and nozzle stand-off distance were examined in 

the previous experimental work conducted by the authors [18]. Consequently, an assist gas 

(nitrogen) pressure of 20 bar, nozzle diameter of 2.5 mm, and nozzle stand-off distance of 

0.7 mm were chosen as constant factors in this experimental investigation. 
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Figure 1. Design of the experiment. 

 

 

2.3 Evaluation of cut edge quality 

 

Evaluation of the cut edge quality from the test trials was based on the visual inspection of 

the dross attachment to the lower cut edge and measurement of the dross height, 

measurement of the cut surface roughness (Rz), and measurement of the squareness 

deviation of the cut edge. These were used as output factors that define the cut edge quality 

with the condition that the smallest value of each output factor corresponds to the best cut 

edge quality. Cut edge squareness deviation and cut surface roughness were categorized 

according to the ranges given in the standard for classification of thermal cuts, SFS EN 

ISO 9013: 2002, by the European Committee for Standardization [19]. The dross 

attachment was measured in terms of the height of the adherent dross that was firmly 

attached to the lower cut edge (see Figure 2). Dross attachment was then evaluated 

according to the ranges defined by the authors as follows: Range 1 (no dross) – dross 

height less than 1.0 mm; Range 2 (little dross) – dross height from 1.1 mm to 2.0 mm; and 

Range 3 (much dross) – dross height greater than 2.0 mm.   

 

 
Figure 2. Classification of dross attachment (Ranges 1 – 3). 
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A point system - based on the ranges for the cut edge squareness (1-5), surface roughness 

(1-4), and the dross attachment (1-3) - was used to evaluate the process parameters for 

optimum cut edge quality. The values of the ranges of the dross attachment from range 1-3, 

cut edge squareness deviation from range 1-5 and surface roughness from range 1-4 for the 

10 mm workpiece thickness are given in Table 2. The values of the ranges of the cut edge 

squareness deviation and surface roughness were obtained using the formulas given in the 

standard for classification of thermal cuts (SFS EN ISO 9013: 2002).  

 

Table 2. Cut quality classification for 10 mm workpiece thickness [19] 

Range Cut thickness with 

attached dross 

(mm) 

Squareness 

deviation 

(mm) 

Surface 

roughness 

(µm) 

1 < 1.0 mm 0.08 16 

2 1.1 - 2.0 mm 0.22 48 

3 > 2.0 mm 0.50 82 

4 - 1.00 128 

5 - 1.55 - 

 

 

3. Results 

 

The optimization of the laser cutting parameters for the cutting of a 10 mm stainless steel 

workpiece using the high power fiber laser has been demonstrated in the experiments. The 

laser cut edge quality is defined by the dross attachment on the lower cut edge, cut surface 

roughness, and cut edge squareness deviation. The size of the cut kerf is also an essential 

factor when considering thick-section metal laser cutting because of its influence on the 

rate of melt removal from the cut kerf. 

 

 

3.1 Kerf width 

 

The width of the cut kerf influences the melt removal rate in thick-section metal cutting 

and affects the quality of the resulting cut edge. Figure 3 presents the top kerf width for 

different focal length, focal position and cutting speed. The longer focal length and defocus 

focal position result in a wider beam size on the workpiece surface and consequently a 

wider cut kerf size which enhances the melt removal rate resulting in dross-free cut edges. 

The larger cut kerfs are especially important in thick-section stainless steel cutting using an 

inert assist gas jet because of the increased amount of the high viscosity melt with increase 

in workpiece thickness.  
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Figure 3. Top kerf width for different focal positions. 

 

 

3.2 Dross attachment 

 

The dross attachment with focal position for different cutting speeds and focal length is 

presented in Figure 4. There was a decrease in the dross attachment on the lower cut edge 

when focal position was located inside the workpiece. A small reduction in dross 

attachment with increase in cutting speed was also observed indicating that there is an 

optimum cutting speed that prevents dross attachment on the lower cut edge. 
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Figure 4. Dross attachment for different focal positions (Classification according to Fig. 

2). 

 

 

3.3 Cut surface roughness 

 

The variation of cut surface roughness with focal position for different cutting speeds and 

focal length is presented in Figure 5. There was a reduction in cut surface roughness Rz 

with focal position located inside the workpiece with lower surface roughness being 

achieved with the longer focal length of 254 mm.  Using an analysis of variance shown in 

Table 3, it was found that the effects of cutting speed and focal position on the surface 

roughness were statistically significant when the focal length of 190.5 mm was used 
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indicating that the surface roughness varies with cutting speed and focal position.  The 

effects of cutting speed and focal position were not statistically significant when the longer 

focal length of 254 mm was used. 

 

Table 3. ANOVA: Two-Factor without Replication 

 

(a) Focal length of 190,5 mm 

Source of 

Variation 

Sum of 

Squares df Mean Square F-Value P-value F crit 

Cutting speed 741.79 2 370.90 26.95 0.0048 6.9443 

Focal position 2335.69 2 1167.84 84.87 0.0005 6.9443 

Error 55.04 4 13.76    

Total 3132.52 8     

 

(b) Focal length of 254 mm 

Source of 

Variation 

Sum of 

Squares df Mean Square F-Value P-value F crit 

Cutting speed 233.22 2 116.61 0.40 0.6929 6.9443 

Focal position 762.72 2 381.36 1.32 0.3635 6.9443 

Error 1158.18 4 289.55    

Total 2154.12 8     
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Figure 5. Surface roughness for different focal positions. 

 

 

3.4 Cut edge squareness deviation 

 

The cut edge squareness deviation with focal position for different cutting speeds is 

presented in Figure 6. The cut edge squareness deviation u (determined in standard [19]) is 

notably lower for the cut edges produced with the 254 mm focal length lens than for the 

190.5 mm focal length lens. 
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Figure 6. Cut edge squareness deviation vs focal position. 

 

 

3.5 Optimum cutting parameters 

 

Figure 7 presents the evaluation of the laser cut edge quality using points; the best cut edge 

quality is the one with the lowest quality points. The best cut edge quality in this study (see 

figure 8) had 6 quality points out of the maximum of 12.  This dross-free cut edge with 

lower surface roughness and lower cut edge squareness deviation was achieved with the 

254 mm focal length, cutting speed of 1.0 m/min, and focal position located on the bottom 

workpiece surface i.e. 10 mm below the workpiece top surface.  
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Figure 7. Evaluation of cut edge quality. 
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Figure 8. Optimum cut edge quality (1.0 m/min, -10 focal position, and 254 mm focal 

length). 

 

 

4. Discussion 

 

The focal position determines the location of the minimum focused spot size on the 

workpiece so that it influences both the surface power intensity necessary for penetration 
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of the workpiece as well as the size of the cut kerf which affects the rate of melt removal 

from the cut kerf. Defocus focal positions - i.e. focus below workpiece top surface - are 

essential for thick-section metal cutting using the fiber laser as long as the power intensity 

at the workpiece top surface is sufficient to obtain complete penetration of the workpiece. 

The dross attachment on the lower cut edge and cut surface roughness are influenced by 

the melt removal mechanism in the narrow thick-section laser cut kerf so that 

resolidification of dross on the cut edge results in a higher surface roughness. The lower 

section of the cut edge is rougher than the upper section due to the melt build-up at the 

lower cut section resulting in inefficient melt removal. Efficient melt removal is obtained 

when the focal position is located below the workpiece top surface because of the wider 

cut kerf that is created with these focal positions (see Figure 3). Furthermore, the 

conduction power loss from the cutting zone to the substrate material reduces with increase 

in cutting speed. Therefore, the cutting speed has to be optimized for the cutting of a given 

workpiece thickness with a particular laser power so that the high temperature gradient at 

high cutting speed increases the melt fluidity for better melt removal resulting in dross-free 

cut edges.  

 

When the incident laser beam is focused onto the workpiece, the beam converges towards 

a minimum beam waist (focused spot size) and then diverges away from this minimum 

beam waist. The power intensity is highest at the minimum beam waist and then decreases 

as the beam size grows. The beam diameter Dz at any distance along the beam path, z, from 

the minimum focused spot size is given by equation 1. fd is the minimum beam waist, z  

is the distance from the minimum beam waist along the beam path,  is wave length,  M
2
 

and BPP is beam quality of laser beam [20].  
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Using equation 3 and the cutting conditions used in this experimental study, the fiber laser 

beam size on the workpiece top surface and the corresponding incident power intensity on 

the workpiece top surface for different focal positions are estimated and presented in 

Figures 9 and 10, respectively. The highest incident power intensity necessary for 

penetration of the workpiece at the highest cutting speed is achieved when the focal 

position is located at the workpiece top surface however the optimum focal position for 

dross prevention should be located inside the workpiece. When the focal position is located 
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in the lower half section of the workpiece thickness, the incident power intensity on the 

workpiece top surface falls by more than half the value for focal position located on the 

workpiece top surface. Optimum laser cut edge quality of the 10 mm stainless steel plate 

using the fiber laser was obtained in this study when the cutting was performed with the 

focal position located on the lower surface of the workpiece as long as complete workpiece 

penetration could be achieved at the applied cutting speed. These defocus focal positions 

enable a wider cut kerf to be obtained on the workpiece surface so that a higher amount of 

the assist gas can enter the cut kerf and enhance the melt removal rate. 

 

 
 

Figure 9. Beam diameter on workpiece top surface vs focal position. 

 

 
 

Figure 10. Incident power intensity on workpiece top surface vs focal position. 
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Compared to the CO2 laser radiation, the more energetic photons of the 1.06 µm fiber laser 

radiation are absorbed by a greater number of bound electrons in the metal resulting in a 

fall in the reflectivity and an increase in the absorptivity of the surface. The penetration of 

the incident laser beam into the workpiece is a function of the laser beam focusability and 

the depth of focus (DOF) - the distance either side of the minimum beam waist, (focused 

spot size fd ) over which the beam diameter grows by 5%   - is given by equation 1 [20]. 
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Equation 4 shows that a high quality fiber laser beam having a shorter wavelength than the 

CO2 laser beam would give a larger depth of focus than a CO2 laser beam of similar beam 

quality when similar focusing optics is used. Consequently, this would increase the 

optimum penetration depth of the fiber laser and benefit the processing of thick-section 

metal workpieces. Additionally, the use of a longer focal length increases the size of the 

focused spot size, fd , and this has two advantages for thick-section metal cutting. Firstly 

the larger focused spot size results in a larger depth of focus according to equation 4 and 

secondly the larger focused spot size on the workpiece surface produces a larger kerf width 

which is essential for thick-section metal cutting using the high quality fiber laser beam.  

 

However, the propagation of the laser radiation into the metal is also affected by other 

factors such as extinction coefficient and angle of incidence, which are more favorable for 

the coupling of the CO2 laser radiation into the metal workpiece than for the coupling of 

the fiber laser radiation as long as the initial surface reflection has been overcome. For 

instance the variation of intensity with depth is given as: )4exp(0 dkII ; I0 is initial 

intensity, d is the depth, and k the extinction coefficient [20]. The extinction coefficient, k, 

of the 1.06 µm fiber laser radiation is lower than that for the 10.6 µm CO2 laser radiation. 

This means that the intensity of the fiber laser radiation falls to 21 e of the incident value 

after a shorter distance than for the CO2 laser radiation and results in a shorter depth of 

focus for the fiber laser radiation than for the CO2 laser radiation under similar focusing 

conditions.  The benefits of the angle of incidence on the absorption mechanism of the CO2 

laser beam as compared to the fiber laser beam have also been explained by Mahrle et al. 

[11]. 

 

 

5. Conclusions 

 

Optimization of the laser cutting process parameters - including cutting speed, focal 

position and focal length – for attainment of a high cut edge quality in the 10 mm stainless 

steel plate was demonstrated in this study. Dross-free cut edges with lower surface 

roughness and lower cut edge squareness deviation could be achieved when the cutting 

speed was reduced from the maximum achievable cutting speed for the used laser power, 

using the longer focal length lens for focusing the laser beam, and with the focal position 
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located on the bottom workpiece surface as long as the incident power intensity at the 

workpiece top surface was sufficient to obtain complete penetration of the workpiece. 

These conditions enhance a high melt removal rate from the cut kerf resulting in a high cut 

edge quality. 
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List of Notation 

 

d The depth. 

fd  Focused spot diameter (minimum beam waist). 

I Power intensity (I0 is initial power intensity). 

k The extinction coefficient. 

u Cut edge squareness deviation. 

z Distance from the minimum focused spot. 

BPP Beam Parameter Product (a measure of beam quality). 

Dz Beam diameter at distance z from the minimum focused spot. 

DOF Depth of focus.  

M
2
 Laser beam quality. 

Rz Mean roughness profile. 

 Laser beam wavelength. 
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