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II. Abstract

This thesis concerns experimental investigations of laser cutting with theoretical and practical
discussions of the results. The thesis is made up of three Papers which are linked in such a way that 
each of them studies a different aspect of laser cutting: In Paper I the two major laser types in 
cutting, namely CO2 and fibre lasers, are compared to each other by a self-defined cut efficiency. 
Next in Paper II the laser cutting process is observed with a high speed imaging, HSI, camera to 
give information about the melt flow in the cut zone. In Paper III the initiation of the laser cutting 
process, called piercing, is studied. 

Paper I is about investigating the effect of material type, material thickness, laser wavelength, and 
laser power on the efficiency of the cutting process for industrial state-of-the-art cutting machines. 
Here the cutting efficiency is defined in its most fundamental terms: as the area of cut edge created 
per Joule of laser energy. This paper presents phenomenological explanations for the relative cutting 
efficiencies of fibre lasers and CO2 lasers and the mechanisms affecting these efficiencies for 
stainless steels and mild steel over a range of thicknesses. The paper also involves a discussion of 
both theoretical and practical engineering issues. 

In Paper II a new experimental technique has been developed which enables high speed imaging of 
laser cut fronts produced using standard, commercial parameters. The results presented here suggest 
that the cut front produced when cutting 10 mm thick medium section stainless steel with a fibre 
laser and a nitrogen assist gas is covered in humps which themselves are covered in a thin layer of 
liquid. A combination of HSI results and theoretical analysis has revealed that these humps move 
down the cut front at an average speed which is a factor three less than the liquid flow speed.

Paper III addresses a specific topic: Before any cut is started the laser needs to pierce the material. 
The two most important aspects of the piercing process are: a) How long does it take to pierce the 
material? And b) How wide is the pierced hole? If the hole is no wider than the cut line, the material 
can be pierced on the line to be cut. In this paper the laser piercing process is investigated using a 
wide range of laser pulse parameters, for stainless steel using a fibre laser, to discover their 
influence on pierce time and pierced hole diameter. A high speed imaging camera is used to time 
the penetration event and to study the laser-material interactions involved in drilling the pierced 
holes. Optimum parameters have been identified for both pierce time and pierce hole width.
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INTRODUCTION

1. Organization of the thesis

This Licentiate thesis is composed of three Papers I-III as the core research part plus an introduction
to this research. 

The introduction clarifies the organization of the thesis, Section 1, followed by the motivation 
behind the research, Section 2. The methodological approach for the research and the experimental 
methods used to obtain scientific results are presented in Section 3. Next an introduction to laser 
cutting is given in Section 4:  An explanation of the laser cutting techniques and of the physical 
mechanisms involved and a presentation of the current state-of-the-art of research on high speed 
imaging of laser cutting and piercing.  A short summary of three journal papers is given in Section 5 
followed by general conclusions of the thesis and outlook towards future work in Sections 6 and 7 
respectively. The references to Section 4 are listed in Section 8. The thesis finally presents the three 
Papers I, II, III, which elaborate the research results. Sections 1, 2, 3 and 6 clarify the red wire 
connecting the three papers.

The main topics of Papers I, II and III, respectively are shown in Table 1. 

Journal
Paper I

Journal
Paper II

Journal
Paper III

CO2 laser 
cutting x x

Fibre laser 
cutting x x x

High speed 
imaging x x

Laser drilling & 
piercing x

Industrial state-
of-the-art x x

Cut quality x x

Efficiency x x

Scanning 
Electron 

Microscopy 
x

Table 1 Thematic focus of the three Papers I, II and III.
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Each paper addresses a certain aspect of laser cutting. In Paper I the efficiency of the laser cutting 
process for both CO2- and fibre-lasers is presented. Paper II explains the high speed imaging 
observation of the fluid flow as a specific mechanism in laser cutting. In Paper III the initiation of 
laser cutting is studied, i.e. laser piercing.

The below section concisely introduces each paper.

Paper I explains the efficiency of the optimized laser cutting process for industrial state-of-the-art 
cutting machines, both for CO2- and fibre-lasers. The efficiency, expressed in generalizing numbers, 
is studied as function of material type, material thickness, laser wavelength and laser power.

Paper II presents high speed imaging observations of the laser cut front produced using standard, 
commercial parameters, accompanied by simplified calculations. Results suggest that the cut front is 
covered in humps which themselves are covered by a thin layer of liquid.

Paper III addresses the initiation of laser cutting by laser piercing. High speed imaging 
observations are used to time the penetration event and to study the laser-material interactions.

Additional conference publications by the author:

Measuring the state-of-the-art in laser cut quality
Jetro Pocorni, John Powell, Torbjörn Ilar, Anton Schwarz and Alexander F. H. Kaplan
14th NOLAMP conference proceedings, Göteborg, Sweden, August 2013

Differences in cutting efficiency between CO2 and fiber lasers when cutting mild and stainless 
steels
Jetro Pocorni, Dirk Petring, John Powell, Eckard Deichsel, Alexander F. H. Kaplan
ICALEO conference proceedings, San Diego, USA, October 2014
(Awarded with 2nd place in the ICALEO 2014 Student Paper Award Contest)

Measuring the melt flow on the laser cut front
Jetro Pocorni, Dirk Petring, John Powell, Eckard Deichsel, Alexander F.H. Kaplan
15th NOLAMP conference proceedings, Lappeenranta, Finland, August 2015
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2. Motivation of the research

Laser cutting is the most common industrial application of high power lasers within laser-material 
processing. It is used for profiling a wide range of materials, from metals to polymers, for a wide 
spectrum of applications.

For decades, the traditional workhorse and dominant laser source of industrial laser cutting was the 
CO2 laser. The cut quality of CO2 lasers for steels is comparable to a good quality milled edge if 
correct parameters are used.

Relatively new laser sources in laser cutting are the high brightness fibre and disk laser with a 
wavelength of about 1 μm. These machines can focus the laser beam to a smaller spot and in turn 
can cut thinner section material considerably faster than the more traditional CO2 laser machines
(wavelength 10.6 μm). However, the cut edge quality deteriorates as the material thickness 
increases. The progress of specifically fibre lasers has been very fast during the last decade, with 
still high potential in its further development. For laser cutting systems, in the meanwhile the fibre 
laser has occupied a significant market share from the CO2-laser.

Although laser cutting is a well-established industrial process, there is little objective information 
available on the industrial state-of-the-art of laser cutting. This lack of information is addressed 
(among other aspects like process modelling and meta-modelling for a GUI) in the EU-FP7 project 
HALO (High Power Adaptable Laser Beams for Materials Processing). 

In the HALO-project an industrial state-of-the-art-database for laser cutting was established with 
samples produced by up to date laser cutting machines (from the cutting system manufacturer 
Bystronic Laser AG, Switzerland). In Paper I a direct comparison is given between the efficiency of 
industrial fibre and CO2 lasers for different material type, material thickness, and laser power. The 
process efficiency is of direct importance for investment (laser beam power) and productivity but is 
only partially understood for these two laser types with different wavelength and absorption 
behaviour.

With the help of the meta-model, experimental results are compared with theoretical predictions 
from laser cutting models, for better process understanding and optimization, particularly of the cut 
quality for thick sections. This knowledge-base needed to be verified with experimental 
videography of the laser cut front. To achieve this verification, the melt flow on the laser cut front 
was observed with a high speed imaging camera and analysed in Paper II. 

Lastly the initiation process in laser cutting, called laser piercing was addressed in Paper III. The 
duration of the piercing process, which has hardly been studied at a research level, can be an 
essential contribution to the production time, to be minimized. Optimized piercing process 
parameters were identified and explained by the aid of high speed imaging.
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3. Methodological approach

The three Papers I-III address three different aspects of laser cutting that required different 
approaches. First the most used industrial laser cutting machines i.e. CO2 and fibre lasers are 
compared to each other by their process efficiency in Paper I. Then a closer look is taken on the 
fluid flow mechanisms at the cut front in Paper II, for both aforementioned laser types. With these 
two papers an experimental survey of the efficiency and of key mechanisms behind industrial laser 
cutting is addressed. Part of industrial laser cutting is the initiation of the laser cutting process itself, 
called laser piercing, experimentally studied in Paper III. In more detail, the methods applied are as 
follows;

Paper I: The two major lasers for cutting, CO2- and fibre-lasers, are compared to each other by 
their process efficiency. The cutting efficiency was defined as the area of cut edge (thickness 
multiplied by length) created per Joule of laser energy. The efficiency was studied based on cutting 
parameters such as processing speed, material thickness and laser power. A second efficiency 
measure, called the cutting volume efficiency, was also defined. It is the amount of material ejected 
from the cut zone per kilojoule of laser power. The cutting volume efficiency is based on cutting 
parameters (speed, thickness and laser power) and on resulting dimensions such as the kerf width.
The efficiency of the cutting process has to be distinguished from the cutting volume efficiency as 
the latter value directly profits from wider kerfs. To give an accurate representation of the current 
laser cutting industry, all samples were cut using the standard commercial cut parameters provided 
by a machine supplier, i.e. industrially optimized parameters in terms of speed and quality, in 
contrast to conditions like physical cutting limits.

Paper II: High speed imaging (HSI) techniques were used to investigate the flow conditions at the 
cut front. The cuts were produced under standard, commercial parameters, as was the case in 
Paper I. The HSI videos were analysed with Particle Tracking Velocimetry (PTV) in order to ensure 
the velocity measurement of features (and not phase flow) observed on the melt surface, 
accompanied by simplified mass balance calculations. These features were then verified with 
Scanning Electron Microscopy (SEM) images of the solidified cut front.

Paper III: The initiation of laser cutting called, laser piercing, was studied. The possibilities to 
optimize the process via the pulse duration in order to decrease the piercing time and the pierce hole 
diameter were discussed. The laser-material interaction of both the standard method and the 
proposed optimized method of laser piercing were observed and analysed with a HSI camera.





Pocorni Introduction 7

4. Laser cutting

In the following, an introduction to the main subject of the thesis, namely laser cutting, will be 
given. This involves a general introduction to lasers and to the physical mechanisms of laser cutting. 
This is followed by a brief survey on the scientific state-of-the-art of the main subjects addressed by 
the research, particularly high speed imaging of laser cutting, and laser piercing to drill a hole for 
initiating the laser cutting process.

4.1 An introduction to lasers

Laser beam cutting applies a high power laser beam to heat, melt and cut material, usually together 
with a coaxial gas jet that ejects the melt downwards.

In order to explain laser cutting, the concept of what a laser is will be discussed first. 

The word laser is an acronym for Light Amplification by Stimulated Emission of Radiation. The 
acronym is best understood if explained from right to left i.e. starting with Stimulated Emission by 
Radiation. Emission is stimulated after energy is given to an atom such that the atom’s energy level 
is brought from its ground-state to an excited state. Like most things in nature the excited atom will 
want to fall back to its ground-state energy level. In doing so the atom releases part of its energy as 
a photon (light particle).

And now the Light Amplification part in the acronym laser. A photon released by one atom can 
trigger another excited atom to leave its excited state. In doing so a second photon is released with 
the same characteristics as the first. The characteristics of photons are discussed later in the text 
relating to Figure 4.

In a laser the atoms are present in a so-called lasing medium (step 1 in Figure 1). Figure 2 shows for 
a typical high power laser the lasing medium inside the laser cavity. The lasing medium can be a 
liquid, solid or gas depending on the laser type. The lasing medium and its atoms are brought to an 
excited level by an energy source (step 2 in Figure 1). Depending on laser type, the energy source 
can be flash lamps (solid state lasers) or an electrical discharge (gas lasers). Different types of lasers 
are presented in Figure 3(a). The normal incidence absorption of laser light depending on 
wavelength and metal is shown in Figure 3(b).
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Figure 1 Onset of stimulated emission (sequence of five time steps).

To amplify emission of light particles (photons) mirrors are placed at both ends of the lasing 
medium. The emitted photons bounce back and forth causing stimulated emission in the lasing 
medium. Stimulated emission can only occur when there are more atoms in the excited state than in 
the ground state (steps 3 and 4 in Figure 1). This ratio between the amount of atoms in excited state 
and atoms in their ground state is called population inversion.  

One of the mirrors in the laser cavity is half reflective allowing some of the emitted photons to leave 
the cavity (steps 4 and 5 in Figure 1). And it is these photons which are used to process materials.
So a typical laser consists of a laser cavity (lasing medium with mirrors at both ends) and an energy 
source (see Figure 2).

Figure 2 Design of a flash lamp pumped solid-state Nd:YAG laser. 
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(a) (b)
Figure 3 (a) Different laser types (highlighted: typical high power lasers). (b) Absorption of laser 

light as a function of the wavelength for different metals. Adapted from Frostevarg (2014).

The characteristics that make laser light special are:

Monochromaticity: laser light has a single wavelength or colour (diode-lasers are an 
exception to this). The wavelengths belonging to different laser types are shown in Figure 5.
Coherence: the photons in laser light are in phase and synchronized with respect to each 
other. This means that laser light is coherent (diode-lasers are an exception to this).
Slight divergence: laser light is almost parallel and only diverges slightly.

Light from ‘ordinary’ light sources such as light bulbs is made up of different colours
(polychromatic) and is diverging in different directions (thus not parallel). Figure 4 shows the 
difference between laser light and ‘ordinary’ light.

Figure 4 Characteristics of coherent laser light compared to ordinary light from a lamp.
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When using focusing optics the monochromatic and parallel nature of laser light allows it to be 
focused to a single high intensity spot. This is different to light produced by e.g. a light bulb that 
focusses at different positions due to its polychromatic and diverging features.

Figure 5 The electromagnetic spectrum. Adapted from Frostevarg (2014).

4.2 Concise explanation of laser cutting

The cutting process is concisely explained by Powell (1998) as follows:

First, a light beam is focused to a high intensity spot on a metal sheet.
The focused beam heats up the material and creates a small melt pool. 
Next, the molten material is removed by a pressurized gas jet directed coaxially with the 
laser beam.
The beam moves across the material surface and with it the localized molten area moves 
across the sheet surface to generate a cut.

Three competing mechanical cutting techniques are sawing, nibbling and water jet cutting.  There 
are also some thermal cutting techniques which compete to laser cutting such as flame and plasma 
arc cutting and electric discharge machining (EDM). The advantages of laser cutting with respect to 
competing techniques are precision and flexibility of the contour to be cut, high cutting speed, cut 
edge quality, small heat affected zone (HAZ) and the ability to automate the process. High 
investment costs pose the main drawback in the use of laser systems in general. 

Before continuing further it is important to divide the topic of laser cutting into conventional gas 
assisted cutting and remote cutting (see Figure 6).  In conventional cutting CO2, fibre/disk and 
Nd:YAG lasers and, recently, direct diode lasers are used as an energy source to melt material. An 
assist gas is then used for removal of molten material from the cut kerf. But in remote cutting the 
material is cut without the use of an assist gas. In remote laser cutting the evaporation pressure of 
the melt provides the thrust to eject melt from the cutting zone. The remainder of this thesis will 
concentrate solely on conventional gas assisted laser cutting. 
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(a) (b)
Figure 6 (a) Classical gas assisted laser cutting. (Powell et al. (2009)) (b) Remote cutting.

(Olsen (2011))

Figure 7 shows typical laser cutting systems consisting of the following basic elements:

Laser source. Usually CO2, Nd:YAG and fibre lasers are applied. Recently the use of direct 
diode lasers in laser cutting has started to increase.

Processing head consisting of a gas nozzle and optical components. A combination of 
collimator and focusing lenses inside the processing head focusses the laser beam to a small 
high intensity spot on the work piece surface. The nozzle creates a gas jet stream concentric 
to the laser beam for removal of molten material.

Beam guidance. For CO2 lasers mirrors are used while for fibre, disk, Nd:YAG and direct 
diode lasers flexible optical fibres convey the laser beam to the processing head.

Process gas. Nitrogen or argon can be applied as inert gasses, while oxygen and air can be 
used as reactive gasses. The influence of process gas will be discussed later in the text 
relating to Figure 12.

A CNC system is often used to displace the processing head and table in flatbed (2D) 
cutting. If complicated three dimensional structures are to be cut a robotic arm manipulator 
is used.
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(a)

(b)

Figure 7 (a) Flatbed or 2D laser cutting typically used with CO2 laser source. (Kaplan (2009))
(b) Laser cutting at Volvo CC in Uddevalla with beam delivery through flexible optical fibre.

4.3 Beam characteristics in laser cutting

If the laser beam is used in its raw, linearly polarized condition the inclination of the cut edge will 
vary depending on the direction of cutting. Suppose as an example, that a square part is laser cut in 
a metal sheet - Figure 8 shows the two cross sections with different inclination angles for each 
cutting directions. To improve the cutting process the polarization in the beam is a circularly or 
radially polarized beam as shown in Figure 9, which can cut equally well in all directions.

Figure 8 Cut inclination obtained with a linearly polarized beam. (Powell (1998))
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Figure 9 Different laser polarization types. (Steen and Mazumder (2010))

At a certain angle of incidence (the Brewster angle) the absorption of circularly and radially 
polarized light by a surface becomes maximized. Figure 10(b) shows that at low glancing angles the 
absorption is maximum for both laser types, with the fibre laser achieving the highest absorptivity.

(a) (b)
Figure 10 (a) Glancing angle relative to cut front inclination. (b) Absorption of CO2 and fibre laser 

by a liquid iron surface as a function of glancing angle. (Powell et al. (2011))

Another important beam characteristic in laser cutting is the laser mode. A laser mode describes the 
energy distribution in the beam cross section. Laser modes can be divided into four categories of 
increasing complexity, these are:

Gaussian mode (or fundamental mode): this mode follows the Gaussian curve and is 
considered as an ideal beam which can be focused to a high intensity spot. This enables high 
cutting speeds and small kerf widths. Beams with modes closest to the Gaussian mode are 
thus well suited for cutting. (See Figure 11(a))
Doughnut mode: this is a circular mode with a gap (areas with low energy levels)  in the 
centre (Figure 11(b))
Single higher order modes: these modes have multiple gaps in the beam cross section 
(Figure 11(c))
Multimode: these modes are combinations of Gaussian, doughnut and higher order modes 
(Figure 11(d))
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Modes are of practical importance in laser cutting not only because of their energy distribution but 
also because of their focusing ability. As the order of the mode increases the beam becomes more 
difficult to focus to a small spot. Beams with higher order modes can still be used in welding and 
surface treatment application.

(a) Gaussian mode

(b) Doughnut mode

(c) Higher order mode

(d) Multimode
Figure 11 Different laser mode types. (Powell (1998))

4.4 Physical mechanisms in laser cutting

Gas assisted laser cutting can be subdivided into inert gas cutting and oxygen cutting. Both are 
presented in Figure 12.

In inert cutting the laser beam heats and melts the material and establishes a melt film on a cutting 
front. During cutting an inert gas jet consisting of nitrogen or argon is directed axially with the laser 
beam. The gas stream propels the molten material downwards. In some cases some of the melt 
flowing out of the bottom of the cut attaches itself to the bottom edge of the cut zone instead of 
ejecting downwards. These attachments are called dross and are discussed later in Section 4.5.
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(a) (b)
Figure 12 Sketch of the cutting front (side view) in (a) inert gas laser cutting and (b) oxygen gas 

laser cutting. (Kaplan (2009))

In laser-oxygen cutting oxygen is used to remove melt from the cut kerf and to react with the molten 
metal. This reaction is of exothermic in nature and releases energy which speeds up the cutting 
process. Mild and carbon steel are often processed in this way. The exothermic reaction in oxygen 
cutting enables processing with lower laser power compared to inert gas cutting.

The melt film in Figure 12 can be assumed as a control volume for which the following energy 
balance at the cut front holds:

PL g
laser absorption

+ vwkd Hr
oxidation energy

=

vwkd cp Tm-Ta +Hm
melting heat

+ cp Tv-Tm + Hv
vaporization heat

+ Phc
conduction losses

(4.1)

g interaction cross section, v cutting speed, wk kerf width, reaction 
efficiency, PL r reaction energy due to 
oxidation, Hm and Hv
and has a value between 0 and 1, cp specific heat capacity, Ta, Tm, Tv ambient, melting and 
vaporization temperature and Phc heat conduction losses. 

Equation (4.1) shows that the laser beam energy is absorbed by the metal surface. If oxygen cutting 
is applied the exothermic reaction between oxygen and iron provides additional heat. The generated 
heat is transferred to the rest of the work piece by heat conduction and is partly used to melt and 
vaporize the material. According to Kaplan (2009) only a minor amount of vaporization can be 
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expected in conventional gas assisted laser cutting. For metals heat losses caused by e.g. surface 
convection are usually negligible.

The cutting front can be seen as a regulation mechanism of the laser cutting process. The inclination 
of the cutting front changes according to the input energy from the laser beam and the outgoing 
energy through heat loss. If the cutting speed increases, the heat requirements are higher. To fulfil
the energy balance in Equation (4.1) the cut front angle increases and acquires more energy from 
the laser. If the cutting speed decreases, the heat requirement decreases and the cutting front angle 
decreases as well. The decreased cut front angle enables excess energy from the laser beam to leave 
cut zone. The dependence of the cutting front angle on the cutting speed is presented in Figure 13.

(a) (b) (c)
Figure 13 Sketch of the laser cutting front angle (side view) at (a) low speed, (b) medium speed and 

(c) high speed. (Kaplan (2009))

State-of-the-art on the energy efficiency in laser cutting

Yilbas and Kar (1998) and Yilbas (2004) have studied the thermal efficiency of CO2 oxygen laser 
cutting. Niziev and Nesterov (1999) on the hand have considered the cutting efficiency as a ratio of 
energy required for melting, as a function of energy input while Wandera and Kujanpaa (2010)
have investigated melt removal rates. These and other researchers have discussed the laser cutting 
process in terms of melting efficiency, which in general is proportional to the kerf width as well as 
the cutting speed:

Thermal or melting efficiency is proportional to Kav v t
Plaser

mm3

kJ
(4.2)

where Kav is the average kerf width (mm), v is the cut speed (mm/s), t is the material thickness
(mm), and Plaser is the average laser power (kW).

Steen and Kamalu (1983) have described the efficiency of the cutting process in terms of severance
energy expressed as the number of Joules of energy required to generate 1 mm2 of cut edge. 
Researchers such as Black (1999), Lütke, Hauptmann, and Wetzig (2012) and Goppold et al. (2014)
have  also followed this method of expressing the effectiveness of laser cutting. In Paper I which is 
presented in the Annex, the efficiency of the cutting process is expressed in terms of the amount of 
cut edge created as a function of laser energy.

Beam
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4.5 Laser cut quality

In laser cutting the following quality parameters are of importance, beside others:

Dross attachment: should be minimized.
Surface roughness of the cut edge: should be as low as possible to obtain smooth surfaces.
Cut edge inclination: should be as perpendicular as possible to avoid large tolerance 
differences.

Figure 14 presents dross attachment at the bottom of an aluminium cut edge and Figure 15 shows 
the cut edge inclination as part of the laser cut kerf. Both figures display quality parameters 
belonging to a 15 mm thick aluminium work piece processed with a 6 kW CO2 laser.

   
Figure 14 Dross attachment on an aluminium laser cut edge obtained with a 6 kW CO2 laser.

Figure 15 Kerf width and cut edge inclination of an aluminium cut obtained with a 6 kW CO2 laser.

500 μm
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In the following, dross attachment and surface roughness are described in more detail.

Dross is residual melt produced during cutting which remains attached to the bottom of the cut edge 
after completion of the cutting process. Depending on material and laser type (e.g. the combination 
of thick section aluminium and fibre lasers) dross formation can occur. Figure 16 shows a 15 mm 
thick aluminium cut edge with dross attachment at the bottom edge. Pocorni et al. (2013) explain 
that dross can be problematic from a health and safety (sharp edges), aesthetic (uneven bottom), and 
engineering (fit-up of parts) point of view. 

Figure 16 A 15 mm aluminium laser cut edge with dross attachment at the bottom obtained with a 6 
kW CO2 laser. (Pocorni et al. (2013))

The surface roughness of a cut edge affects the cut product’s wear behaviour, tensile strength and 
fatigue life. Figure 17 presents the surface height profile of a 15 mm aluminium cut edge. From 
these height maps the surface roughness can be determined. 

In laser cutting two standard measurements of surface roughness are used; Ra which gives the 
average of the absolute discrete heights Z (xk,yl) and Rz which gives the average of the maximum 
distance from peak Zmax (xk,yl) to bottom Zmin (xk,yl) on a surface. Equation (4.3) and (4.4) present 
the formulas to determine the Ra and Rz roughness. 

Ra=
1

m n
Z xk,yl

n-1

l=0

m-1

k=0

(4.3)

Rz=
1
n

Zmax, 1 +Zmax, 2 +…+Zmax, n + Zmin, 1+Zmin, 2+…+Zmin, n (4.4)
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(a)

(b)

(c)

Figure 17 Optical surface profile belonging to the (a) top, (b) middle and (c) bottom part of the cut 
edge.
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4.6 State-of-the-art in high speed imaging of laser cutting and piercing

In this section a state-of-the-art review of high-speed imaging of both laser cutting and laser 
piercing is presented.

Table 2 shows recent research carried out in the fields of laser cutting, drilling and piercing.

Reference Country Laser
cutting

Laser
piercing

Laser
drilling HSI Note

Brajdic et al. 
(2008) Germany x x

Dietrich et al. 
(2008) Germany x x Frame rate:

50.000Hz
Ermolaev et 
al. (2014) Russia x x Frame rate:

10.000 Hz
French et al. 

(1998) UK x x Frame rate:
40.500 Hz

Fushimi et al. 
(2000) Japan x x Frame rate:

18.000 Hz
Hashemzadeh
et al. (2014) UK x

Hirano and 
Fabbro (2011)

France 
& Japan x x Frame rate:

20.000 Hz

Low and Li 
(2001) UK x x

Material: 
polymer

Frame rate:
2000 Hz

Low, Li, and 
Byrd (2000) UK x x Frame rate:

9000 Hz
Low, Li, and 
Byrd (2001) UK x x Frame rate:

9000 Hz
Table 2 (to be continued) Literature review on high speed imaging and other relevant basic works 

of laser cutting and drilling.
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Reference Country Laser
cutting

Laser
piercing

Laser
drilling HSI Note

Petring et al. 
(2012) Germany x x

Poprawe, 
Schulz, and 

Schmitt 
(2010)

Germany x

Rao et al. 
(2005) India x

Rao et al. 
(2009) India x

Schneider et 
al. (2007) France x x Frame rate:

100.000 Hz
Schulz, 

Eppelt, and 
Poprawe 
(2013)

Germany x

Solana et al. 
(2001) Spain x x Frame rate:

40.500 Hz
Voisey et al. 

(2003) UK x x Frame rate:
27.000 Hz

Saudi 
Arabia x x

Yilbas and 
Sami (1999)

Saudi 
Arabia x x

Method: 
Streak 

imaging
Yudin and 
Kovalev 
(2009)

Russia x x Frame rate:
4830 Hz

Zhang et al. 
(2013)

China & 
USA x x

Material:
glass

Table 2 (continued) Literature review on high speed imaging and other relevant basic works of 
laser cutting and drilling.
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High speed imaging of laser cutting

Ermolaev et al. (2014) filmed the cut front laterally via a transparent plate. They studied melt flow, 
melt removal and striation formation. They found that for CO2 laser cutting there exists a
well-developed coherent stream of liquid, while for fibre laser cutting the melt flow is highly 
unstable with multiple melt ejections from the cut front to the side walls. Figure 18 and Figure 19
respectively show video sequences for CO2 and fibre laser cutting of stainless steel.

Figure 18 HSI sequence of CO2 laser cutting of 6 mm stainless steel with 14 bar nitrogen and 2 kW 
laser power. Interval between frames is 0.5 ms. Red marked area shows the well-developed liquid 

stream. Region I (upper green marking) shows the instable melt flow. In region II (lower green 
marking) the melt accumulates, and becomes highly disturbed. (Ermolaev et al. (2014))

        
Figure 19 HSI sequence of fibre laser cutting of 6 mm stainless steel with 14 bar nitrogen and 2 kW 
laser power. Interval between frames is 0.15 ms. Red markings are ejections of small jets of liquid 

metal on the side wall of the cut kerf. (Ermolaev et al. (2014))
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Hirano and Fabbro (2011) studied the hydrodynamics of the melt layer in laser cutting 3 mm thick 
mild steel with nitrogen assist gas by using a high speed imaging camera. The high speed imaging 
setup in laser cutting which was used by Hirano and Fabbro (2011) is shown in Figure 20.

Figure 20 HSI setup. (Hirano and Fabbro (2011))

They found a melt velocity of 3.2 m/s while the velocity of observed humps was 0.2 m/s. The 
difference in velocity was explained by the fact that the evolution of the hump is not due to a mass 
flow but due to a phase evolution. The merger of two humps H1 and H2 are shown in the video 
sequence in Figure 21.

Figure 21 Time sequence of the melt dynamics observed with HSI. H1 and H2 are the humps and LA 
is the liquid accumulation. Time instances of sequences shown in figure.

(Hirano and Fabbro (2011))

Hirano and Fabbro (2011) describe the humps as melt accumulations which rest on top of so called 
shelves. These shelves (named S in Figure 22(a)) have been shown to slide down the cut front. 

Figure 22 HSI observations at (a) 1 m/min, (b) 2 m/min and, (d) 4 m/min. B1 and B2 are bright 
regions not covered with liquid and S is the shelve on which the melt accumulations rest. 

Adapted from Hirano and Fabbro (2011).
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Hirano and Fabbro (2011) have postulated that the humps on the surface of the melt on a fibre laser 
cut front drive the melt ejection process in an intermittent manner and this is in agreement with the 
findings of Ermolaev et al. (2014) that CO2 laser cutting involves a coherent flow of liquid down the 
cut front, whereas during fibre laser cutting the melt flow is highly unstable.

Figure 23 shows two high speed imaging sequences for a 1
observed during trim-cuts (trim-cuts are obtained by filming the cut front laterally through 
transparent material). 

Figure 23 HSI observation of trim-cuts made with a 
(Petring et al. (2012)

Petring et al. 
(2012) ascribe this to the effect of multiple reflections of 1 micron laser radiation inside the kerf.
The cutting front geometry was calculated by Petring et al. (2012) with the simulation software 
CALCut (see Figure 24(a)). The results from CALCut show that multiple reflections cause hot spots 
on the simulated front. As a consequence irregular and locally widened kerf geometries occur as 
shown on cut edge in Figure 24(b).

(a) (b)
Figure 24 (a) Computer simulated cut front obtained with CALCut. (b) Cut edge used as 

experimental verification (8 mm structural steel processed with 8 kW disk laser at 2.4 m/min). 
(Petring et al. (2012))
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High speed imaging of laser piercing

Laser piercing is the initialization process of laser cutting. Cutting needs to start either at the edge or 
inside the plate. For the latter case piercing is used to drill a hole in the material to start the cutting 
process. No high speed imaging (HSI) recordings of laser piercing have been previously published 
but there is plenty of literature on HSI observations of laser drilling.

Hashemzadeh et al. (2014) gave the following similarities and differences between laser piercing 
and drilling.

Similarities:

In both processes a hole is generated from which molten material is ejected until 
breakthrough. After the laser has penetrated the work piece molten material can exit through 
the bottom of the hole. 
There is some vaporization and recoil pressure which can aid expulsion of molten material. 
Both processes usually produce solidified material in the hole with a heat affected zone 
(HAZ) and surface spatter as a consequence.

Differences:

Drilling can produce either a through or a blind hole (Figure 25(a)) while piercing produces 
a through hole (Figure 25(b)).
Laser drilling is usually carried out in pulsed mode.
Laser piercing is applied in continuous mode or long pulses in order of milliseconds.
In laser drilling a functional hole is created which generally has high tolerance geometry. 
Here the emphasis is on quality and reproducibility. 
In piercing only two results are of importance i.e. hole entrance diameter and piercing time.

(a) (b)
Figure 25 (a) Laser drilled blind hole in stainless steel; hole dimensions of 80μm× 80μm× 400μm. 

(Poprawe et al. (2010)) (b) Laser pierced hole in 2 mm mild steel. (Hashemzadeh et al. (2014))

The laser-material interaction in piercing is shown in Figure 26. Piercing is performed by holding 
the laser beam stationary at a fixed point until the sheet is pierced, after which laser cutting 
commences. 
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Figure 26 Laser-material interaction in laser piercing. (Hashemzadeh et al. (2014))

Figure 27(a) shows a laser pierced hole and Figure 27(b) presents laser drilled holes. It is clear from 
these two figures that there are lower quality demands on laser piercing (presence of spatter 
formation and HAZ) then on laser drilling. Figure 27(c) presents clean laser drilled holes without 
spatter.

(a) (b) (c)
Figure 27 (a) Top view of a laser pierced hole with spatter. (Rao et al. (2009))

(b) High quality laser drilled holes. (c) Laser drilled holes without spatter.
(Naeem (2015))

Hashemzadeh et al. (2014) state that laser piercing is often performed in CW mode while
Rao et al. (2005) applied the pulsed mode with a high duty cycle (duty cycle is the percentage of a 
cycle during which the laser beam is ‘on’).

From this point on the state-of-the-art in high speed imaging of laser drilling will be discussed.

Schneider et al. (2007) showed that the assist gas in laser drilling has the following drawbacks:

The metal vapour is trapped between the surface shock wave and the plate surface. 
The velocity of ejected material is slowed down. 
Ejected material is propelled onto the surface around the hole.

The video sequence for laser drilling with assist gas is shown in Figure 28.
breakthrough and the melt ejects from the rear and front of the pierced hole.

Clean 
hole
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Figure 28 HSI sequence of laser drilling with assist gas. Time instances of sequence shown in 
figure. (Schneider et al. (2007))

Schneider et al. (2007) also observed the vapour behaviour in the absence of an assist gas, as shown 
in the video sequence in Figure 29. They reported that the amount of melt spatter around the front 
hole was minimal for this case. in high 
speed video recordings. Schneider et al. (2007) report that the metal vapour is trapped between 
shock front and plate surface and can only escape to the sides, thus explaining the widening of the 

this structure moves down into the hole and its width also 
starts to decrease. The direction of the vapour is directed vertically upwards and Schneider et al. 
(2007) explain this with the assumption that the vapour behaves as an assist gas with the hole 
functioning as the nozzle. 

Figure 29 HSI sequence of laser drilling without assist gas. Time instances of sequence shown in 
figure. (Schneider et al. (2007))

French et al. (1998) identified three stages in laser drilling from their video recordings. Figure 30
presents the three stages of material removal. The first stage is that of conical ejection. Here most 
material is removed from the hole by vapour pressure inside the hole itself. They assume that the 
recoil pressure and capillary action cause the melt to flow to the sides of the hole. In the second 
stage the melt ejects as random ejections in the forms of so-called ‘ribbons’ and in the third stage 
separate particles are ejected coming from deep inside the hole. French et al. (1998) conclude that 
there is no dependence on the drilling pulse energy (pulse shape) and that the pulse ejection is due 
to the exothermic reaction between the nickel alloy and process gas (oxygen).

Figure 30 Material removal mechanism in laser drilling. (French et al. (1998))
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Figure 31 gives an example of a high speed video sequence showing stage 3 (particle ejection).

(a) (b) (c)
Figure 31 HSI sequence of particle ejection in laser drilling. Sequences shown at (a) 9.3 ms, (b) 

10.04 ms, (c) 10.23 ms after end of laser pulse. (French et al. (1998))

Figure 32 shows the hole development from the start of the irradiation to the formation of a stable 
hole.

Figure 32 Development of a stable hole in laser drilling. Sequences shown at (a) 0.11 ms, (b) 0.22 
ms, (c) 0.26 ms, (d) 0.48 ms, (e) 0.74 ms and (f) 58 ms after pulse start. (French et al. (1998))

Low et al. (2000) monitored ejections both from the hole entrance and exit. They used laser pulse 
frequencies as low as 20 Hz with oxygen process gas, and so their findings can be considered as 
laser piercing. They noticed a consistent ejection of material ejecting out of the front hole just 
before breakthrough. After breakthrough most of the melt simply exited from the bottom of the 
plate. These observations confirm the general assumption that most material leaves the hole through 
the entrance until breakthrough has occurred. Figure 33 shows the video sequence with an explosion 
just as the sheet is pierced (sequence number 3).
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Figure 33 HSI of Laser percussion drilling. Sequences shown at 0.778 ms after start of identified 
pulse number. (Low et al. (2000))

Low et al. noticed that at 10 Hz the material has enough time to eject between pulses. When the 
pulse frequencies were a factor 20 higher the time between pulses could be set shorter than the time 
required for material ejection. Low et al. (2000) concluded that spatter around the hole entrance is 
controllable by choosing the correct pulse frequency preventing interaction between laser and 
ejected material.

Solana et al. (2001) distinguished between two types of ejection out of the laser drilled hole. First 
there is the initial expulsion of small particles within a cone during the laser pulse followed by large 
particle ejection at the end of the pulse in random directions. These two stages were also observed 
by French et al. (1998). Figure 34 shows a video sequence of their recording for aluminium (only 
negative video frames were used for clarity).
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Figure 34 HSI sequence of the ejections in laser drilling. Interval between frames is 37 ms.
(Solana et al. (2001))

Voisey et al. (2003) report droplet ejection velocities ranging from 3 m/s up to 20 m/s (determined 
by tracing individual droplets in video recordings). They showed that as the power density increases 
so does the droplet velocity. The particle size of the ejected droplets was also measured; they found 
that the average particle size decreases as the pulse intensity increases. Voisey et al. (2003) explain 
the particle size by concluding that the average diameter of the particles is of the same order as the 
molten zone thickness and explain the range in ejected velocities as a function of the recoil pressure. 
When laser drilling starts and the material has just melted, thermal gradients and the vaporization 
rate at the surface (and consequently recoil pressure) are maximal with a minimal molten layer. 
From this thin layer small droplets with high velocity are released. As the pulse progresses, the 
recoil pressure decreases and as a consequence the ejection velocity decreases as well.

Yilbas and Sami (1999) extracted streak images from their video recordings. Streak images are 
composite images built up from a single streak (or strip) taken from an image sequence. The streak 
images of the exiting melt at the hole entrance are shown in Figure 35 and Figure 36. Figure 36(a) 
and (b) show that at the entrance vapour ejection is extremely fast (vertical spikes) followed by a 
strong deceleration due to expansion (nearly horizontal lines). Figure 36(c) shows the tail of the 
streaks from Figure 36(b). The nearly horizontal streaks correspond to the stationary plume and the 
bright spots are ejected liquid particles. Yilbas and Sami (1999) explain the liquid ejection with an 
evaporation process called saturated nucleate boiling. As the laser heats up the melt, vapour 
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nucleation bubbles are formed. These bubbles expand as the laser continues to heat the melt. The 
bubbles then explode and the melt is ejected. 

Figure 35 Schematic illustration of streak imaging in laser drilling. ( )

(a)

(b)

(c)

Figure 36 Streak imaging for (a) copper, (b) nickel and (c) liquid ejection (bright spots are liquid 
particles). Adapted from Yilbas and Sami (1999).
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Dietrich et al. (2008) used two cameras to observe the laser drilling process both axially and 
laterally. Figure 37 shows the setup with two cameras.

Figure 37 Experimental setup of axial and lateral HSI observation in laser drilling. 
(Dietrich et al. (2008))

Dietrich et al. (2008) did not use their cameras in the usual manner to observe the melt; instead the 
cameras were used to study the optical emissions and to measure the deformation of the 
hole. Figure 38(a) presents a scheme of the hole deformation and Figure 38(b) shows the image 
sequence from the lateral camera.

(a) (b)
Figure 38 (a) Scheme of hole deformation and (b) HSI sequence of the deformation in laser 

percussion drilling. Sequences shown at pulse numbers from 1 till 800 with pulse frequency of
20 Hz. (Dietrich et al. (2008))

Dietrich et al. (2008) compared oxygen and argon gas in their experiments and and they showed the 
effect of process gas on the drilling speed. They found that oxygen process gas increases the drilling 
speed because of the exothermic combustion-energy which is released. The use of argon and helium 
on the other hand did not improve the drilling speed. (Note: Dietrich et al. (2008) were only able to 
create through holes with oxygen as assist gas)
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The optical emissions shown in Figure 39(a) present the effect of the combustion reaction as there is 
still emission after the laser irradiation has ended (see the last four rows). When compared to the 
argon case in Figure 39(b) optical emissions are not observable after irradiation has ended (see the 
last four rows).

(a) (b)
Figure 39 Optical emissions in laser drilling with (a) oxygen process gas (b) argon gas. Interval 

Dietrich et al. (2008))

Brajdic et al. (2008) used an iCCD camera to laterally observe the laser drilling process. iCCD
stands for intensified charge-coupled device. Such cameras are normal CCD cameras with an 
intensifier for detection of single photons. Instead of observing the melt like most researchers, 
Brajdic et al. (2008) observed the plasma inside the laser drilled hole to obtain better understanding 
of the laser plasma interaction. They were able to monitor the plasma and shockwaves inside blind 
holes. Figure 40) were 
sandwiched with an optical transparent material. 

Figure 40 Brajdic et al. (2008))
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The iCCD camera and laser setup are shown in Figure 41 and the plasma inside the drilled holed is 
shown for a single frame in Figure 42(a). Figure 42(b) shows object recognition (obtained with 
image processing) of the plasma inside the laser drilled hole.

Figure 41 iCCD camera setup for observation of laser drilling. (Brajdic et al. (2008))

(a) (b)
Figure 42 (a) Optical emissions inside the laser drilled hole and (b) object recognition obtained 

with image processing. (Brajdic et al. (2008))

The optical emissions arising from the plasma inside the drilled hole are shown for different time 
instances in Figure 43(a). Brajdic et al. (2008) distinguished two regions from the video sequence in 
Figure 43(b): the first region expands towards the hole entrance at a speed of 32 km/s and the 
second expands at a third of that speed. Both expanding regions are part of the plasma with the first 
region identified as a shockwave with the help of a spectrometer.
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(a)

(b)

Figure 43 (a) Video sequence of emissions inside the laser drilled hole and (b) object recognition 
obtained with image processing. Time instances of sequences shown in figure.

(Brajdic et al. (2008))

Conclusion on the state-of-the-art in laser cutting and piercing

The fact that laser cutting is a well-developed process is clearly noticeable by the ample amount of 
research done on observations of the cutting process with high speed imaging (HSI).
On the other hand there is a lack of research in laser piercing in general, and (to the knowledge of 
the authors) no research has yet been carried out on HSI of the laser piercing process.
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5. Summary of papers

Paper I

The effect of laser type and power on the efficiency of industrial cutting of mild and stainless steels

Abstract

This paper investigates the effect of material type, material thickness, laser wavelength, and laser 
power on the efficiency of the cutting process for industrial state-of-the-art cutting machines. The 
cutting efficiency is defined in its most basic terms: as the area of cut edge created per Joule of laser 
energy. This fundamental measure is useful in producing a direct comparison between the efficiency 
of fibre and CO2 lasers when cutting any material. It is well known that the efficiency of the laser 
cutting process generally reduces as the material thickness increases, because conductive losses 
from the cut zone are higher at the lower speeds associated with thicker section material. However, 
there is an efficiency dip at the thinnest sections. This paper explains this dip in terms of a change in 
laser–material interaction at high cutting speeds. Fibre lasers have a higher cutting efficiency at thin 
sections than their CO2 counterparts, but the efficiency of fibre laser cutting falls faster than that of 
CO2 lasers as the material thickness increases. This is the result of a number of factors including 
changes in cut zone absorptivity and kerf width. This paper presents phenomenological explanations 
for the relative cutting efficiencies of fibre lasers and CO2 lasers and the mechanisms affecting these 
efficiencies for stainless steels (cut with nitrogen) and mild steel (cut with oxygen or nitrogen) over 
a range of thicknesses. The paper involves a discussion of both theoretical and practical engineering 
issues.

Conclusions

As material thickness increases laser cutting efficiency decreases. 
At thinner sections, fibre lasers cut more efficiently than CO2 lasers. This situation is 
reversed at thicker sections.
At the thinnest sections, when cutting with nitrogen, the cutting efficiency may be reduced 
by (energetically wasteful) boiling of the melt.
At the thinnest sections, when cutting with oxygen, the cutting efficiency may be reduced by 
the presence of temperatures which reduce the effectiveness of the oxidation reaction.
When oxygen is used as the cutting gas, the differences in cutting efficiency between CO2
and fibre lasers are reduced.
Kerf widths tend to increase as the material thickness is increased. This is primarily for two 
reasons: (a) for thicker sections, the beam is often focused deep into the material (and 
therefore presents a larger diameter beam at the kerf entrance) and (b) at the lower speeds 
associated with thicker sections, the lower intensity edges of the beam can contribute to the 
melting process.
The use of oxygen as the cutting gas also increases kerf widths. This is because the laser 
beam only needs to heat up the material on each side of the kerf to the oxidation initiation 
temperature – which is lower than the material melting point. Therefore, the effective heat 
source of laser and combustion is wider than that of direct laser melting.
The efficiency of the cutting process has to be distinguished from the cutting volume 
efficiency (the amount of material ejected from the cut zone per kilojoule of laser power), as 
the latter value directly profits from wider kerfs.
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In the case of CO2 lasers, the cutting volume efficiency remains rather steady over the 
thickness range. This relative invariance is possible because there is a balance between two 
opposing effects: (a) as the thicknesses increase, the cut front approaches the Brewster angle 
and absorptivity is improved up to a certain thickness (increasing the energy available for 
material melting); (b) as the thicknesses increase, the conduction of energy away from the 
cut zone increases (reducing the energy available for melting).
In the case of fibre lasers, the cutting volume efficiency decreases as material thicknesses 
increase. This is because the Brewster angle for fibre lasers favours thin section 
cutting (i.e., glancing angles above 10 deg). If the material thickness is increased, the 
absorptivity of the beam in its initial contact with the material decreases and direct beam 
impingement and absorption can only feed the upper part of the cutting front. This leads to 
the dominance of multiple reflections especially further down the kerf with stepwise 
increasing glancing angle – increasing absorption and the effective contribution of the 

The strong role played by multiple reflections in the case of fibre lasers (particularly at thick 
section) facilitates cutting efficiency, but on the other hand can promote instabilities and 
limit cut quality.

Paper II

Fibre laser cutting medium section stainless steel: fluid dynamics and cut front morphology

Abstract

A new experimental technique has been developed which permits high speed imaging (HSI) of laser 
cut fronts produced using standard, commercial parameters rather than the defocussed beam, low 
gas pressure, broad kerf cuts investigated by previous workers in this field. The results presented 
here suggest that the cut front produced when cutting medium section (10 mm thick) stainless steel 
with a fibre laser and a nitrogen assist gas is covered in humps which themselves are covered in a 
thin layer of liquid. A combination of HSI results and theoretical analysis have revealed that, under 
the conditions shown here the humps move down the cut front at an average speed of approximately 
0.4 m/s. The liquid flows at an average speed of approximately 1.1 m/s, and the average melt depth 
at the bottom of the cut zone under these conditions is approximately 0.17 mm.

Conclusions

The results presented here suggest that the cut front produced when cutting stainless steel 
with a fibre laser and a nitrogen assist gas is covered in humps which themselves are 
covered in a thin layer of liquid. 
Sporadic hump generation on the cut front makes the melt removal process unstable 
compared to the smooth flow associated with CO2 laser cutting and this is why is it is more 
difficult to produce low roughness cut edges using fibre lasers at sections above 6 mm. 
Under the conditions shown here the humps move down the cut front at an average speed of 
approximately 0.4 m/s. The liquid flows at an average speed of approximately 1.1 m/s. 
The average melt depth at the bottom of the cut zone is approximately 0.17 mm. 
These results required a new experimental technique which allowed HSI observation of cuts 
carried out under standard cutting parameters.
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Paper III

Investigation of the laser piercing process for cutting stainless steel

Abstract

This paper investigates the laser piercing process which precedes nearly every laser cutting 
operation. 10 mm thick stainless steel was pierced by a multikilowatt fibre laser using a range of 
pulsing parameters, and these results were compared with the results from piercing with a 
continuous wave (cw) output. High speed imaging was employed to observe the piercing process. 
Appropriate pulse parameters were found to considerably reduce pierce times and the energy 
needed to generate a pierced hole. A phenomenological explanation of these improvements is 
discussed.

Conclusions

Laser piercing involves a turbulent melt which is sporadically ejected from the laser-material 
interaction zone.
Laser pulsing can assist the melt ejection process if the ‘laser off’ times are short enough to 
make inter-pulse solidification negligible.
Suitable laser pulses can assist melt ejection by providing a sudden downwards push on a 
melt which has collapsed into the bottom of the melt pit during the ‘laser off’ part of the 
pulse cycle. This forces peripheral melt upwards and out of the piercing zone.
Pulsing in the pulse regime investigated in this paper did not reduce the size of the entrance 
to the pierced hole. 
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6. General conclusions of the thesis 

1. Although laser cutting is a well-established industrial process, there is little objective 
information available on the current industrial state-of-the-art of laser cutting.  Paper I 
addresses this lack of information by presenting a direct comparison between the 
efficiency of fibre- and CO2-lasers, for standard industrial conditions. 

2. As a general trend, the laser cutting efficiency decreases as material thickness increases.
An explanation for this could be that an increase in material thickness results in a
decrease in cutting speed which increases the laser–material interaction time. This 
allows a greater proportion of the heat to be carried away by conduction. The 
increased conductive losses then result in a decrease in process efficiency. 

3. At thinner sections, fibre lasers have shown to cut more efficiently than CO2 lasers. 
This situation is reversed at thicker sections. An explained for this could be the fact that 
fibre lasers can be focused down to smaller focused spot sizes than CO2 lasers. This 
gives narrower kerfs at thin sections and higher speeds because less material needs to be
melted. Thus the process efficiency is increased for thin sections and fibre lasers. In
Paper I it is shown that the cut zone geometry for thick sections is well suited for CO2
laser cutting: As the material thickness increases, the cut front approaches the Brewster 
angle for CO2 laser light, and absorptivity is improved. Thus the energy available for 
material melting increases. The increased absorptivity could be an explanation for 
increased process efficiency for thick sections and CO2 lasers. 

4. High speed imaging (HSI) gives a wealth of information but even these video recordings 
need to be verified by other means because less relevant phenomena like wave flow can 
dominate the observation. In Paper II the observed bright features on the laser cut front 
in the HSI recordings were verified with scanning electron microscopy (SEM) images. It 
was found that the laser cut front is covered in solid humps which themselves are 
covered in a thin layer of liquid. The observed generation of solid humps moving 
downwards changes the basic understanding of the laser cutting process.

5. The cut edge quality obtained with fibre lasers is known to be inferior to that produced 
with CO2 lasers at thicknesses above 5 mm. In Paper I this decrease in quality has been 
attributed to multiple reflections. On the other hand results show that these multiple 
reflection facilitate the cutting efficiency. The decrease in cut quality for fibre lasers was 
also discussed in Paper II but here as a consequence of the sporadic hump generation on 
the cut front which makes the melt removal process unstable compared to the smooth 
flow associated with CO2 laser cutting. 

6. HSI observation has proven an indispensable monitoring tool to observe the laser-
material interaction in both laser cutting and laser piercing: In Paper II slow moving 
humps and fast flowing melt were identified on the laser cut front. And in Paper III 
resolidification of melt was observed between laser pulses in the laser piercing process.

7. Although laser cutting is well established in the manufacturing industry, many aspects 
are not understood yet. High potential in terms of performance or quality is unexplored. 
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Experimental mapping, generalized analysis, advanced HSI and complementary 
modelling are methods that have demonstrated the capability to significantly improve 
laser cutting, if properly applied. 
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7. Future outlook

The following aspects are examples recommended for future research in laser cutting:

1. Expand the efficiency comparison to incorporate disk lasers and non-steel materials 
(aluminium, copper and brass).

2. Further development and mapping of the industrial state-of-the-art in laser cutting, with 
focus on the cut edge quality (surface roughness and dross measurements) in addition to the 
process efficiency.

3. Observing dross as it forms during cutting, with high speed imaging (HSI) observation. 

4. A study is desirable on the cut edge quality obtained from initiation to the quasi steady state 
process, as the processing speed ramps up from zero to the desired value.

5. Axial HSI observations of the laser piercing hole to view its base; in this area both the laser 
and gas jet perpendicularly interact with the material. 

6. An elaborate study of the cut front morphology, in connection to the cut surface 
morphology, as it changes from top to bottom of the cut kerf and from side to middle.

7. Application of techniques commonly used in other material removal techniques such as laser 
drilling and water jet cutting, to improve laser piercing: linear movement piercing (water jet 
cutting) or (helical) trepanning (laser drilling).

8. Further improvement of image processing in HSI, to identify the real mass flow, 
accompanied by complementary mathematical modelling as well as by other experimental
techniques like temperature measurement.

9. Generalization of laser cutting trends.
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Abstract

This paper investigates the effect of material type, material thickness, laser wavelength, and laser 
power on the efficiency of the cutting process for industrial state-of-the-art cutting machines. The 
cutting efficiency is defined in its most basic terms: as the area of cut edge created per Joule of laser 
energy. This fundamental measure is useful in producing a direct comparison between the 
efficiency of fiber and CO2 lasers when cutting any material. It is well known that the efficiency of 
the laser cutting process generally reduces as the material thickness  increases,  because conductive  
losses from the cut zone are higher at the lower  speeds associated with thicker section material. 
However, there is an efficiency dip at the thinnest sections. This paper explains this dip in terms of 
a change in laser–material interaction at high cutting speeds. Fiber lasers have a higher cutting 
efficiency at thin sections than their CO2 counterparts, but the efficiency of fiber laser cutting falls 
faster than that of CO2 lasers as the material thickness increases. This is the result of a number of 
factors including changes in cut zone absorptivity and kerf width. This paper presents 
phenomenological  explanations for the relative cutting efficiencies of fiber lasers and CO2 lasers 
and the mechanisms affecting these efficiencies for stainless steels (cut with nitrogen) and mild 
steel (cut with oxygen or nitrogen) over a range of thicknesses. The paper involves a discussion of 
both theoretical and practical engineering issues. [DOI: 10.1115/1.4031190]

Keywords: laser cutting, fiber laser, CO2 laser, efficiency
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1 Introduction

Laser cutting is a multibillion euro industry, which is dominated by CO2 and fiber laser cutting 
machines. 

Early research into the efficiency of the process dates back to the early 1980s [1] and has 
subsequently been investigated by numerous researchers. For example, Yilbas and Kar have looked 
at the thermal efficiency of CO2 laser cutting in oxygen [2,3]. Niziev and  Nesterov [4] have 
considered  cutting efficiency as ratio of energy required for melting, as a function of energy input, 
and Wandera and Kujanpaa [5] have investigated melt removal rates. These authors and many 
others have discussed the laser cutting process in terms of melting efficiency. However, the thermal,
or melting, efficiency can be a misleading metric because it generally relies on the following 
relationship:

Thermal or melting efficiency is proportional to Kav v t
Plaser

mm3

kJ (1)

where Kav is the average kerf width (mm), v is the cut speed (mm/s), t is the material thickness
(mm), and Plaser is the average laser power (kW).

It can be seen from Eq. (1) that the melting efficiency is proportional to the kerf width as well as the 
cutting speed. This being the case, the melting efficiency of a particular laser would be unaffected
by a 10% reduction in cutting speed as long as the kerf width was increased by 10%. However, it is
clear that a 10% decrease in cutting speed means that there has been a 10% reduction in cutting
efficiency. From this, it is clear that the melting efficiency is not a good measure of cutting
efficiency. Melting efficiency can, however, be used to give insights into the laser–material
interaction in the cut zone and will be discussed later in this paper.

Early workers in the field [1] have described the efficiency of the cutting process in terms of
severance energy expressed on the basis of the number of  Joules of  energy  required  to  
generate 1 mm2 of cut edge. Recent work has also followed this method of expressing the 
effectiveness of laser cutting [6–8], but it is more logical to discuss cutting efficiency rather than
severance energy. From an industrial as well as a technical point of view, the cutting process
efficiency should be expressed in terms of the amount of cut edge created as a function of laser 
energy.

This paper investigates the efficiency of the cutting process when cutting stainless and mild steels
with different lasers from the point of view of one question: “How much cut edge is produced 
for each kilojoule of laser energy?”

This measure of efficiency can be described by the following simple equation:

v t
Plaser

mm2

kJ
    (2)

where is the cutting efficiency (mm2/kJ), v is the cutting speed (mm/s), t is the material
thickness (mm), and Plaser is the average laser power (kW).
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So, for example, if we cut 3 mm stainless steel at 95 mm/s with a laser power of 5 kW, we are
producing (3 x 95)/5 = 57 mm2 of cut edge per kilojoule of laser energy. (Although the laser cutting 
process produces two cut edges (one on each side of the beam), only one of these is part of the
finished product – and so we only consider one cut edge.)

The main thrust of this work is to analyze the variation of the efficiency of the laser cutting process
in an industrial setting. As we will see, the cutting efficiency changes with laser type, material 
type, laser power, and material thickness. The paper is primarily concerned with trends in cutting
efficiency as a function of these variables and the underlying reasons for them.

2 Experimental Work

A wide range of cuts were made on the following new, state-of- the-art, CO2 and fiber laser cutting
machines manufactured by Bystronic Laser AG, Niederönz, Switzerland:

ByLaser 6000 (CO2 6 kW) and ByLaser 4400 (CO2 4.4 kW)
ByFiber 2000 (Fiber 2 kW) and ByFiber 4000 (Fiber 4 kW)

The materials cut were as follows:

Mild steel S275 (cut with oxygen) 1–20 mm
Mild steel S275 (cut with nitrogen) 1–15 mm
Stainless steel 304L (cut with nitrogen) 1–15 mm

In total, 78 cut samples were produced, and in order to give results which are an accurate reflection 
on the laser cutting industry, all samples were cut using the standard commercial cut parameters 
provided by the machine supplier. This needs to be taken into account when considering these 
results because the process parameters used are those which satisfy the commercial quality and 
reliability requirements, not simply maximum cut speeds. Industrial cutting speeds generally follow 
the same trends as maximum cutting speeds for a given machine because industry requires high 
productivity, which is directly proportional to cutting speed. As a rule of thumb, industrial cutting 
speeds are usually of the order of 85% of the maximum cutting speed for any laser–material 
combination. Speeds of this level ensure a robust process which can accommodate fluctuations in 
material thickness, surface quality, and laser power. Industrial cutting speeds, kerf widths, and 
cutting efficiency values are, of course, commercially sensitive data. For this reason, the following 
text presents normalized relative values of these parameters (the maximum normalized value is in 
Fig. 3 for a thickness of 3 mm). However, this does not affect any of the main points of interest 
raised in the following discussion, which explains the trends in cutting efficiency and the 
fundamental differences in efficiency between industrial fiber and CO2 laser cutting machines.

3 Results and Discussion

All the results presented in the figures are normalized to the related maximum value of all
samples. Thus, Fig. 1 presents the relative cutting efficiency results for stainless steel for CO2

lasers with powers of 4.4 and 6.0 kW together with those for fiber lasers with powers of 2.0 and 
4.0 kW.

A number of conclusions can be drawn from these results. Some of these conclusions can be
briefly explained at this point. Others will simply be stated here and discussed later in the paper:
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As   material  thickness  increases  the  cutting  efficiency decreases. Several effects may
contribute to this trend. For all thermal cutting processes, an increase in material
thickness results in a decrease in cutting speed. A decrease in cutting speed increases the
laser–material interaction time in any one area along the cut line and this allows a greater 
proportion of the heat to be carried away by conduction [9]. This increase in conductive 
losses per unit length of cut results in a decrease in process efficiency. Other possible 
reasons for the decrease in efficiency with thickness are reduced absorptivity and the 
creation of wider kerfs. (Cuts which have wider kerfs require more energy because a
greater volume of melt is created per square millimeter of cut edge produced.)
At thinner sections, the fiber lasers are more efficient than CO2 machines. There are two 
main reasons for this: (a) Fiber lasers can be focused down to a smaller focused spot size 
than CO2 machines. This gives narrower kerfs at thin section and higher speeds because less
material needs to be melted. (b) The geometry of the cut zone for thin section material 
enhances the absorptivity of fiber laser beams (see later discussion relating to Fig 8.).
As material thickness increases, the efficiency of the fiber lasers falls off more rapidly 
than that of the CO2 lasers.
At thicker sections, the CO2 lasers are more efficient than the fiber lasers.
In the thin section regime, the higher power lasers of both wavelengths tend to have
slightly lower efficiencies than the lower power machines. Higher vaporization losses at
higher speeds (see discussion in Fig. 2) as well as practical, speed limiting considerations of 
industrial systems are potential explanations.
The lower power fiber laser cutting efficiency falls off faster than the higher powered
machine as the material thickness increases.

Fig.  1   Relative cutting efficiency results for stainless steel (nitrogen cutting gas)

Figure 2 presents the results for mild steel cut with nitrogen. Generally,  the  results  show  the 
same trends as in the earlier figure – the fiber laser is more efficient at thin section but the
efficiency falls off rapidly as the material thickness increases. However, the efficiency at 1 mm
thickness is lower than that at 2 mm for both lasers. (This trend is also visible in some of the results 
for stainless steel – see Fig. 1.) 
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This might be explained by increased boiling at the thinnest sections. The temperature of the cut 
zone rises as the cutting speeds increase, because higher cutting speeds require faster energy 
transfer across the melt/solid interface in the cut zone. The faster energy transfer requires the outer 
surface of the melt to become hotter. Cutting speeds, and therefore the cut front temperatures, are 
highest at the thinnest section. At these elevated temperatures, a proportion of the laser energy is 
consumed in boiling some of the liquid in the cut zone. As far as laser cutting is concerned, boiling 
is a far less energy efficient material removal mechanism than melting and so the overall process 
efficiency is reduced.  On the other hand, we know from earlier experiments and simulations [10] 
that even higher speeds are possible in thin sections.

Figure 3 shows the results for laser cutting mild steel with oxygen as the assist gas. In this case, the 
difference between the fiber and CO2 laser performance is very much reduced compared to 
Figs. 1 and 2. The reason for this similarity in performance is twofold:

1. During laser–oxygen cutting, the cut front is coated with a layer of liquid FeO. This material 
has a high absorptivity to both CO2 and fiber laser light [11, 12].

2. For both types of laser, the oxidation reaction contributes a considerable proportion of the 
energy to the process and this   helps   to   even   out   the   differences   between   
the laser–material interactions.

Fig. 2   Relative cutting efficiency results for mild steel cut with nitrogen assist gas

As was the case for cutting with nitrogen, we can see a falloff in cutting efficiency at the lowest 
thickness. The reason for this would be unusually high temperatures in the cut zone. However, in 
this case, the mechanism which results in a reduction in efficiency is not boiling. The high 
temperature of the oxidizing cut zone reduces the effectiveness of the oxidation reaction [13] and 
thus diminishes the amount of energy provided by the reaction. This reduction in energy supplied to 
the cut zone results in a reduced cutting efficiency.
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Fig. 3   Relative cutting efficiency results for mild steel cut with oxygen assist gas. (Note: the 3 mm 
sample  cut  with  the 2 kW fiber  laser  and  oxygen  assist  gas  had  the  highest  efficiency of the 

whole experimental set and is thus normalized to a value of 1.)

To investigate cutting efficiency in detail, we need to consider the volume of melt ejected from the 
cut zone per second for each laser, as a function of material thickness. This value – the cutting 
volume efficiency – can be calculated using the following equation:

vol=
Kav v t
Plaser

mm3

kJ
(3)

Note that vol  is analogous to a thermal efficiency or melting efficiency and favors wide kerfs.
Although it follows many of the trends of cutting efficiency, it is a less reliable measure. However, 

vol can provide some insights into how much melt is involved in the laser–material interaction. 
Average kerf widths for all the samples involved in the trials are presented in Fig. 4. Although there 
are some local fluctuations, Fig. 4 reveals two major trends:

In industrial laser cutting, kerf widths tend to increase with material thickness.
Cutting with oxygen tends to give larger kerf widths.

The increase in kerf width with material thickness observed in Fig. 4 is a general trend of laser 
cutting for two reasons:

1. Laser beams used for cutting are generally circular in cross section with a diminishing energy 
density toward their outer edges. At the reduced speeds associated with thicker sections, the
laser–material interaction time in any one area is increased. At these increased interaction
times, the low energy density edges of the beam can supply  enough energy to melt the
workpiece and thus widen the kerf. In other words, the effective diameter of the laser beam 
increases with increasing interaction time.

2. In laser cutting, the laser beam is deliberately defocused when cutting thicker section material. 
This is to optimize the gas flow through the cut zone in order to provide enough mechanical 
thrust to expel the melt from the bottom of the cut. This defocusing of the beam widens the cut 
zone to allow more gas to flow through it. Defocusing is also used to improve the laser cut front 
geometry from an absorptivity point of view – See discussion of Fig. 8 later in this paper.
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The extra widening of the cut when oxygen is employed is due to the fact that the oxidation reaction 
between iron and oxygen generates additional heat [13]. The oxidation reaction can spread sideways 
because the oxidation initiation temperature of steel is lower than its melting temperature. Therefore,
the lower intensity edges of the laser beam can contribute to combustion ignition, resulting not only
in more heat but also in a significantly wider heat source. This increases the amount of material 
melted during the laser–oxygen–material interaction and creates wider kerf widths.

Fig. 4   Relative average kerf width measurements for samples cut by (a) fiber laser and 
(b) CO2 laser

So far, we have seen that the increase in average kerf width with thickness plays a significant
role in the reduction of cutting efficiency. Using the average kerf widths given in Fig. 4, the cutting 
volume efficiencies in each case can now be calculated – as shown in Figs. 5 and 6.

In Fig. 5, it can be clearly seen that for CO2 laser cutting, the amount of melt ejected from the cut 
zone per kilojoule remains fairly static over the range of thicknesses involved. In contrast, the fiber 
laser results (Figs. 5 and 6) with nitrogen as cutting gas reveal much higher cutting volume 
efficiencies in the thin section range decreasing continuously with thickness. At the highest 
thicknesses of the fiber laser operation range, the efficiencies decline down to the CO2 laser values.
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Fig. 5   Relative cutting volume efficiency for stainless steel

Fig. 6   Relative cutting volume efficiency for mild steel

Several effects are dependent on sheet thickness and contribute to the behavior described above,
such as the losses due to vaporization (which are dominant at low thicknesses) and due to lateral 
heat conduction (which is dominant at high thicknesses). Both affect the achievable cutting speed, 
which together with the kerf width (see Fig. 4) is a determining factor for the cutting volume 
efficiency.

However, the change of absorptivity with thickness is also important and will be discussed here.
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Standard laser cutting involves the laser interacting with the cut front at a glancing angle as shown
in Fig. 7 [14].

Fig. 7   During laser cutting the laser beam interacts with the cut front at a glancing angle [14]

For   the   sake   of   this   basic   explanation,   we   assume   a columnar CO2 laser beam with a 

approximately  11 deg  in  order  to  fully  interact  with  this  laser beam at 1 mm thickness of the 
sheet to be cut.

From a beam absorptivity point of view, this angle is considerably larger than the glancing angle of
3 deg, which corresponds to the Brewster angle for light and steel. (At a
glancing angle of 3 deg, the absorptivity is at its maximum of more than 40% whereas the
absorptivity at a glancing angle of 11 deg is below 30% as can be seen in Fig. 9).

angle needs to be 11 deg if all the cutting front is to interact with the beam. (b) Right:  if the cut 
front angle is changed, for example, to the 3 deg (the Brewster angle for CO2 lasers) then the 

absorptivity is high  but most  of the beam misses the cut front.  (The beam and cut front geometry 
have, of course, been greatly simplified in this figure.)
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Fig. 9   Absorptivity as a function of cut front/laser beam glancing angle 
(glancing angle = (90 deg - angle of incidence), see Fig. 7)

A reduction of the glancing angle for 1 mm thick material would result in higher absorptivity of the 
cut front, but most of the laser beam would bypass the cut front without interacting with it – as 
shown in Fig. 8(b). As the increase in absorptivity would not be sufficient to compensate for the 
decrease in incident laser radiation, less energy would be absorbed by the cut front and the cutting 
speed would be reduced.

Continuing the same simple geometric argument for CO2 lasers, it is clear that – assuming a beam 
– the combination of maximum absorptivity cut front angle (3 deg) and full 

illumination of the cut front by the laser beam can only be achieved at material thicknesses of about 
4 mm.

For CO2 laser cutting, as the thickness increases from 1 mm, the angle of incidence of the laser 
beam approaches the Brewster angle and absorptivity increases. However, the cutting speed 
decreases at the same time because the material thickness is increasing. As the cutting speed 
decreases, the thermal loss by conduction away from the cut zone increases and this reduces the 
thermal efficiency of the melting process. Thus, opposing influences can balance out the amount of 
melt per kilojoule and only a small variation in this value occurs in Figs. 5 and 6 for the CO2 laser 
cases.

The higher power CO2 laser results shown in Fig. 5 indicate a higher level of melt per kilojoule 
because at the higher speeds associated with higher power, the conductive thermal losses are
reduced. This makes the laser melting process more efficient. On the other hand, the higher speeds 
at higher power and thin sections promote vaporization losses and decrease the overall efficiency.

The fiber laser curves in Figs. 5 and 6 differ from the CO2 laser results, in which they show a 
general decrease of melting efficiency (mm3/kJ) with the increase in material thickness. A reason 

fiber laser beam is achieved at cut front inclination angles above 10 deg. As we have seen, this 
range is highly suitable to thin section cutting. This is one of the main reasons why fiber laser 
machines cut thin section material faster than their CO2 counterparts.
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However, as the thickness increases, the fiber laser beam cannot directly interact with the lower part 
of the cut front at commercially acceptable speeds, because the higher glancing angle is required for 

tire  beam  is  directly  impingent  only  on  
the  upper  few millimeters of the cut front. For fiber lasers, the main laser–material interaction,
especially in the lower section of the cut zone, is one of the multiple reflections. Figure 10 [15] 
explains a number of features of multiple reflections in fiber laser cutting.

Fig. 10   Multiple reflections in a fiber laser cut kerf

In a typical, converging, laser cutting zone, the first glancing angle of laser–material interaction 
(after the curved kerf entrance – not considered here) is small, but the beam intensity is high. At
each subsequent reflection, the glancing angle increases – and in the case of this leads
to an increase in absorptivity (see Fig. 9). If we take a simplified view of this, we could find that:

The first reflection might involve a local absorption of 20% of the total beam intensity.
The second reflection could involve 30% of the remaining 80% of the beam intensity.
The third reflection might involve absorption of 40% of the remaining 56% of the beam.

The accumulated absorption for these three reflection events would be 77.6% of the incoming ray.
(Obviously, only part of the laser radiation is involved in such a high coupling interaction.) It is
also worth noting that the reflection events tend to group together further down the cut
zone (see Fig. 10) – which would lead to hot spots. Any hot spots would, however, be mobile 
because small changes in the cut front geometry in the upper section result in changes in the
position of subsequent reflections (see Fig. 10). These features of multiple reflections are the root
cause of the higher surface roughness seen on fiber laser cut thick sections compared to CO2 laser 
cut results. These instabilities involved restrict the achievable cutting speeds at thick sections.
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In the case of CO2 laser cutting at thicker sections, multiple reflections play a much smaller part in
the process than they do for fiber lasers for two reasons: (a) the Brewster angle for CO2 laser
light matches the inclination of the cut front while at the same time exposing the whole front to 
the beam – so primary absorption of the incident beam is dominant. (b) The multiple reflection
geometry shown in Fig. 10 would mean that a progressively smaller proportion of the beam would 
be absorbed at each reflection because in the case of 10 light, the absorptivity falls
off rapidly with increases in glancing angle (see Fig. 9).

4 Conclusions

1. As material thickness increases laser cutting efficiency decreases.
2. At thinner sections, fiber lasers cut more efficiently than CO2 lasers. This situation is

reversed at thicker sections.
3. At the thinnest sections, when cutting with nitrogen, the cutting efficiency may be reduced

by (energetically wasteful) boiling of the melt.
4. At the thinnest sections, when cutting with oxygen, the cutting efficiency may be reduced by 

the presence of temperatures which reduce the effectiveness of the oxidation reaction.
5. When oxygen is used as the cutting gas, the differences in cutting efficiency between CO2

and fiber lasers are reduced.
6. Kerf widths tend to increase as the material thickness is increased. This is primarily for

two reasons: (a) for thicker sections, the beam is often focused deep into the material 
(and therefore presents a larger diameter beam at the kerf entrance) and (b) at the lower
speeds associated with thicker sections, the lower intensity edges of the beam can 
contribute to the melting process.

7. The use of oxygen as the cutting gas also increases kerf widths. This is because the
laser beam only needs to heat up the material on each side of the kerf to the oxidation
initiation temperature – which is lower than the material melting point. Therefore, the
effective heat source of laser and combustion is wider than that of direct laser melting.

8. The efficiency of the cutting process has to be distinguished from the cutting volume 
efficiency (the amount of material ejected from the cut zone per kilojoule of laser power), as
the latter value directly profits from wider kerfs.

9. In the case of CO2 lasers, the cutting volume efficiency remains rather steady over the 
thickness range. This relative invariance is possible because there is a balance between two 
opposing effects: (a) as the thicknesses increase, the cut front approaches the Brewster angle
and absorptivity is improved up to a certain thickness (increasing the energy available for 
material melting); (b) as the thicknesses increase, the conduction of energy away from the
cut zone increases (reducing the energy available for melting).

10. In the case of fiber lasers, the cutting volume efficiency decreases as material thicknesses
increase. This is because the Brewster angle for fiber lasers favors thin section
cutting (i.e., glancing angles above 10 deg). If the material thickness is increased, the
absorptivity of the beam in its initial contact with the material decreases and direct beam
impingement and absorption can only feed the upper part of the cutting front. This leads 
to the dominance of multiple reflections especially further down the kerf with stepwise 
increasing glancing angle – increasing absorption and the effective contribution of the 

11. The strong role played by multiple reflections in the case of fiber lasers (particularly at thick 
section) facilitates cutting efficiency, but on the other hand can promote instabilities and 
limit cut quality.
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Nomenclature

Kav = average kerf width (mm)
Plaser = average laser power (kW)
t = material thickness (mm)
v = cut speed (mm/s)

= cutting efficiency (mm2/kJ)
normalized = relative cutting efficiency
vol = cutting volume efficiency (mm3/kJ)
vol normalized = relative cutting volume efficiency
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Abstract

A new experimental technique has been developed which permits High Speed Imaging (HSI) of 
laser cut fronts produced using standard, commercial parameters rather than the defocussed beam, 
low gas pressure, broad kerf cuts investigated by previous workers in this field. The results 
presented here suggest that the cut front produced when cutting medium section (10 mm thick) 
stainless steel with a fibre laser and a nitrogen assist gas is covered in humps which themselves are 
covered in a thin layer of liquid. A combination of HSI results and theoretical analysis have 
revealed that, under the conditions shown here the humps move down the cut front at an average 
speed of approximately 0.4 m/s. The liquid flows at an average speed of approximately 1.1 m/s, and 
the average melt depth at the bottom of the cut zone under these conditions is approximately
0.17 mm.

Keywords:  Laser cutting; fibre laser; melt flow; particle tracking velocimetry; high speed imaging
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1 Introduction

In laser fusion cutting of metals a volume of melt is created (by absorption of the laser beam) and 
then blown out of the cut zone by an inert assist gas (see Fig. 1). 

Fig. 1. The laser cutting process (Powell 2011).

During the process a thin layer of melt flows down the cut front, as shown in Fig. 1. Tani et al. 
(2004) explain that the creation of both dross at the bottom of the kerf and striations on the cut edge 
(surface roughness) depend on the melt film condition throughout the kerf. Schulz et al. (1999) 
explain that dross formation is related to properties of the melt such as its thickness and velocity. 

The importance of the melt film on the cut front is also emphasized by Chen and Yao (1999) who 
conclude that fluctuations in the absorbed laser power and the velocity of the high speed gas jet can 
create perturbations in the melt film which in turn could give rise to fluctuating striation patterns on 
the cut edge.

Laser cutting of steels can be divided into two main subjects i.e. laser fusion cutting of stainless 
steel (usually with nitrogen assist gas) and laser oxygen cutting of mild steel with oxygen gas assist. 
In both cases the assist gas is used as a source of mechanical energy to blow away the melt in the 
kerf. In laser oxygen cutting the oxygen assist gas also functions as a source of heat since the 
oxygen undergoes an exothermic reaction with the iron in mild steel. However, the gas pressures 
used in the two techniques are markedly different. Oxygen pressures tend to be less than 2 bar and 
nitrogen pressures are usually in excess of 10 bar. This paper is only concerned with nitrogen 
assisted fusion cutting.

Melt flow in laser fusion cutting

Wandera and Kujanpaa (2010) modeled the melt film velocity and corresponding melt thickness 
and compared this with an experimentally determined position at which the flow inside the cut front 
becomes turbulent (the so called boundary layer point) for 10 mm stainless steel with a cutting 
speed of 1 m/min and 5 kW fiber laser. They suggested a melt velocity between 1400-2200 m/s 
with melt thicknesses of 0.2- -18 bar and kerf width 
between 600-
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Hirano and Fabbro (2011) investigated the hydrodynamics of the melt layer in laser cutting 3 mm 
thick mild steel with nitrogen assist gas by using a high speed imaging camera. They found a melt 
velocity of 3.2 m/s while the velocity of the observed humps was 0.2 m/s. They explain that the 
difference in velocity is due to the fact that the evolution of the hump is not due to a mass flow but 
due to a phase evolution. Both Golubdev (2003) and Hirano and Fabbro (2011) describe humps as 
melt accumulations which rest on top of so called shelves. These shelves have been shown to slide 
down the cut front by Hirano and Fabbro. However, Hirano and Fabbro (2011) performed their 
experiments with parameters which are very different from the ones used in actual laser cutting. 
They used a focus spot diameter of 1.7 mm (industry standard 0.2 – 1.0 mm) and a cutting gas 
pressure of 2.5 bar (industry standard 10 – 16 bar).

Ermolaev et al. (2014) filmed the cut front from the side via a transparent plate with a high speed 
camera. They studied melt flow, melt removal and striation formation. They found that for CO2
laser cutting there exists a well-developed coherent stream of liquid, while for fiber laser cutting the 
melt flow is highly unstable with multiple melt ejections from the cut front to the side walls.

Kaplan (1996
steel plate and CO2 laser cutting with nitrogen assist gas.

Thermodynamic and fluid dynamic conditions within the cut zone vary according to what material 
is being cut, the cutting speed, the type of laser being used, and how thick the material is. At the 
high speeds associated with thin sections (0.1 – 2 mm) the temperatures in the cut zone are much 
higher than when cutting thicker sections, and evaporation can play a major part in the material 
removal process (Petring et al. (2012)). At higher sections the reduced cutting speeds and associated 
lower cut front temperatures mean that the amount of mass removed by evaporation is negligible 
(Powell et al. (2009)). However, in the case of fibre laser cutting evaporation can play a role in 
propelling the melt down the cut front.

In this paper High Speed Imaging (HSI) techniques are used to investigate the flow conditions 
within the cut zone for 10 mm thick stainless steel cut by fibre laser. Previous experimental work 
has used exaggerated cut widths and unrealistic cutting gas pressures and so the results are not 
necessarily representative of the real process. The experimental work presented here presents, for 
the first time High Speed Imaging of cuts produced using standard cutting parameters and kerf 
widths. 

2 Material and methods

The observation of melt flow down a laser cutting front using standard cutting parameters is 
experimentally rather difficult because the cut front is narrow and surrounded by the recently cut 
walls of the kerf. For this reason most studies of the cut front either use artificial parameters to 
produce a possibly unrepresentative wide cut front, or involve cuts started at the edge of 
the sheet – where the cut front is most visible. This latter approach can also give misleading 
results because the cut front is, at this point, in its ‘start up’ phase rather than its eventual
quasi-steady state.

To overcome these problems a new experimental technique has been developed which allows the 
high speed imaging (HSI) camera a view of the well-established quasi steady state cut front. This 
involves using the laser to produce a cut path which results in the sudden falling away of a 
triangular cut part to expose the cutting front in action. 
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The cutting path used is explained in Fig. 2. First the laser cuts along line 1, then returns to the edge 
of the material and cuts to the intersection along line 2 (without stopping at the intersection). As the 
laser reaches the intersection the triangle enclosed by lines 1 and 2 and the edge of the material falls 
away – revealing the steady state cut front as it continues to cut line 2. The HSI camera is focused 
on the intersection and true images of the fluid flow in the cut zone can be obtained.

Fig. 2. HSI experimental setup.

Table 1 shows the cutting parameters and laser beam conditions used in this experiment. The 
material used was 10 mm stainless steel AISI 304 (EN 1.4301). The laser used was a Bystronic 
BySprint Fiber 3015 with a Fiber 6000 resonator and HK35 nozzle.

Table 1. Cutting and laser beam parameters used.

Parameters Values
Thickness 10 mm
Cutting speed 1.8 m/min
Laser power 6000 W
Focal position -12 mm 
Gas type 
Gas pressure
Nozzle diameter  
Nozzle standoff distance
Fiber diameter
Focusing lens-focus distance
Collimation lens-collimation distance
Beam focus diameter

N2
16 bar
3.5 mm 
0.8 mm

200 mm
100 mm

A Redlake NR4-S2 high speed camera was used with following setup parameters: 
Frame rate of 4000 frames per second with spatial resolution of 512 x 496 pixels
105 mm Micro-Nikkor lens with focal ratio f/4
Band pass filter which blocks process light and matches the illumination wavelength, as 
described by Frostevarg (2014)
Illumination Laser: Cavilux HF diode illumination Laser with 810 nm wavelength

Particle tracking velocimetry (PTV) was employed to measure the velocity of bright patches on the 
melt surface as they flow towards the bottom of the kerf. PTV determines the velocity of individual 
particles in flows and is based on the Lagrangian reference frame, which observes fluid motion by 
tracking an individual feature as it moves through space and time. The algorithm first isolates 
individual features on the cut front in each frame of the high speed video. 
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In order to find valid correspondences between features in different frames the temporal matching 
problem was solved with cross-correlation algorithms, relaxation algorithms or a combination of 
both as described in Brevis et al. (2010). 

3 Results and discussion

Figure 3 shows a schematic of the set up for high speed imaging and makes two important points:

1. The melt surface is not necessarily flat
2. The melt flow rate is faster towards the melt surface and slower towards the melt/solid 

interface.

Figure 4 shows diagrammatically that there are two entirely independent ways of working out the 
mass flow rate out of the cut zone. The first of these can be called the kerf removal rate and is 
simply calculated from the kerf width, the material thickness and the cutting speed, as in Eq. (1):

Kr=W d V (1)

Where Kr is the kerf removal rate (g/s), W is the average kerf width (mm), d is the material 
3).

Eq. (1) is, of course, only valid for cutting speeds that enable sufficient heat input into the material 
for cutting to occur.

The second method of working out the mass flow rate out of the cut zone involves working out the 
liquid flow rate out of the bottom of the kerf. For this the fluid stream cross section

melt) are 
needed (see Fig. 4).

Lr= 2
W t umelt (2)

Where Lr is the liquid flow rate (g/s), t is the average melt depth (mm) and umelt is the average melt 
flow velocity (mm/s).
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Fig. 3. The High Speed Imaging set-up.

Pocorni et al. (2015) have explained that the maximum temperature in the cut zone is proportional 
to cutting speed. As the current work does not include cutting of thin section material at very high 
speeds, mass loss as a result of vaporization is minimal and is left out of the mass balance.

Fig. 4. Two different ways of working out the mass flow rate out of the cut zone.
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Clearly the kerf removal rate must equal the liquid flow rate:

Lr=Kr (3) 

Removing factors common to Eq. (1) and (2): 

2
t umelt=d V (4)

In this case d equals 10 mm and V equals 30 mm/s, so the expression in Eq. (4) 
becomes t.umelt = 191 mm2/s.

To find the average thickness of the melt layer t the average melt velocity umelt needs to be known. 
This can be measured directly by HSI of the droplets of melt as they leave the bottom of the cut 
zone. In the first 1 mm of flight the velocity of any particle will be close to the flow rate of the 
stream it was separated from. As there is a substantial velocity gradient within the melt stream a 
range of particle velocities could be expected. This range can clearly be seen in Fig. 5. The average 
flow rate was 1.1 m/s with a velocity range between 0.5 and 2.2 m/s. From Eq. (4) this gives a melt 
depth at the bottom of the kerf of approximately 0.17 mm. This value seems appropriate to the 
process geometry and the generation of particles of resolidified melt with diameters of tens of
microns which are typical of the process. These results suggest that the theoretical predictions of 
Wandera and Kujanpaa (2010) (melt speed 1400-2200 m/s with a melt thicknesses of 0.2-
are incorrect. Also, melt depths as small as those suggested by Wandera and Kujanpaa would 
require very high cut front temperatures and a process dominated by boiling rather than the molten 
droplet removal. Hirano and Fabbro (2011), on the other hand, observed a melt surface velocity of 
approximately 3.2 m/s which is surprisingly close to our result, bearing in mind that he used 
completely different process parameters.

Fig. 5. Velocity of a number of droplets in the first 1 mm of their flight out of the bottom of the kerf.
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HSI was also used to measure the downward velocity of bright spots observed on the liquid surface 
(see Fig. 6(a)) and this gave the results shown in Fig. 6(b).

Fig. 6. (a) Three frames from the HSI film showing the movement of a bright spot down the cut 
front; frame rate 4000 frames per second and 0.25 ms time steps between frames; (b) velocity 

measurements of bright spots as they move down the kerf.

The bright spots had a velocity profile shown in Fig. 6(b) which gives them an average velocity of 
approximately 0.4 m/s. If the bright spots were correlated with the surface velocity of the melt, 
values between 1.5 and 2.0 m/s should be expected (i.e. assuming the velocity of the melt surface 
would equal the highest values noted in Fig. 5).  

Clearly then, the bright spot velocities given in Fig. 6(b) are related to a feature of the flow which is 
not the surface flow velocity. It seems probable that the bright spots in the HSI video correlate with 
humps on the liquid-solid interface which are eroded by a combination of hot fluid flow and 
enhanced laser beam absorption, so that they move down the cut front. This is in agreement with the 
findings of Hirano and Fabbro (2011). Fig. 7 presents a schematic cross-sectional view of this.
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Fig. 7.  The morphology of the cut front (longitudinal cross section).

The existence of moving humps on the fibre laser cutting front is supported by SEM images of the 
cross sections of the solidified cut front shown in Fig. 8. In Fig 8(a) a hump can be clearly seen in 
the liquid layer and the underlying solid substrate. A typical CO2 cut front cross section (as shown 
in Fig. 8(b)) shows a more uniform flow of melt over a relatively flat solid/liquid interface.  

Fig. 8 SEM images of cross sections of the cut front: (a) Fibre Laser, (b) CO2 laser.

It is clear from Fig. 8 that there are fundamental differences in the cut front geometry between CO2
and Fibre lasers. Both the melt/solid and the liquid/gas interfaces are smoother when a CO2 laser is 
used instead of a fibre laser. Hirano and Fabbro (2011) have postulated that the humps on the 
surface of the melt on a fibre laser cut front drive the melt ejection process in an intermittent 
manner and this is in agreement with the findings of Ermolaev et al. (2014) that CO2 laser cutting 
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involves a coherent flow of liquid down the cut front, whereas during fiber laser cutting the melt 
flow is highly unstable. The natural consequence of this unstable flow is the reduction in cut edge 
smoothness which has been noted by both Himmer et al. (2007) and Purtonen et al. (2013) when 
fibre lasers are used to profile metals of 6 mm thickness and higher. 

4 Conclusions

The results presented here suggest that the cut front produced when cutting stainless steel with a 
fibre laser and a nitrogen assist gas is covered in humps which themselves are covered in a thin 
layer of liquid. Sporadic hump generation on the cut front makes the melt removal process unstable 
compared to the smooth flow associated with CO2 laser cutting and this is why is it is more difficult 
to produce low roughness cut edges using fibre lasers at sections above 6 mm. 

Under the conditions shown here the humps move down the cut front at an average speed of 
approximately 0.4 m/s. The liquid flows at an average speed of approximately 1.1 m/s. The average 
melt depth at the bottom of the cut zone is approximately 0.17 mm. These results required a new 
experimental technique which allowed HSI observation of cuts carried out under standard cutting 
parameters.
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Abstract

This paper investigates the laser piercing process which precedes nearly every laser cutting 
operation. 10 mm thick stainless steel was pierced by a multikilowatt fibre laser using a range of 
pulsing parameters, and these results were compared with the results from piercing with a 
continuous wave (cw) output. High speed imaging was employed to observe the piercing process. 
Appropriate pulse parameters were found to considerably reduce pierce times and the energy 
needed to generate a pierced hole. A phenomenological explanation of these improvements is 
discussed.

Keywords:  Laser cutting; laser piercing; efficiency; fibre laser; high speed imaging.
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1. Introduction

Laser cutting is now a standard industrial tool, but research continues to be carried out to optimize 
the process, especially since the introduction of the fibre laser [1–3]. One aspect of laser cutting 
which has received little scientific research is the piercing event. 

Almost all laser cutting operations involve a piercing operation before cutting can commence. 
Piercing involves drilling a hole in the material to be cut in order to establish a cut front which will 
allow laser energy to enter at the top of the cut zone, and molten material to flow from the bottom, 
see Figure 1 [4],

Figure 1. The laser cutting process.

Piercing differs from the cutting process in that any melt must be removed by ejection from the top 
of the work piece rather than the bottom [5], see Figure 2. Also, during piercing, the heat can flow 
away from the laser-material interaction zone in three dimensions, whereas heat flow from a cut 
zone is fundamentally two dimensional. Both these features make piercing more difficult than 
cutting and it is well known amongst the laser cutting fraternity that if the laser can pierce a 
particular material then it can also cut it (on the other hand it is sometimes possible to cut materials 
which the laser cannot pierce – as long as you begin the cut from a free edge). 
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Figure 2. The melt pit created during the laser piercing process.

Laser piercing has several similarities to, but also some important differences from, laser drilling. 
Both methods generate a hole by ejecting molten material back through the hole entrance until 
breakthrough, after which molten material can exit through the bottom of the hole. Some 
vaporisation occurs, and the recoil pressure generated can aid expulsion of molten material. Both
processes usually result in resolidified material lining the hole [6] and the generation of heat 
affected zones [7] and surface spatter [8]. However, laser drilling is usually carried out using pulsed 
lasers, whereas either continuous wave or pulsed irradiation can be used for piercing. Laser drilling 
is generally done to generate functional holes with specific high tolerance geometries and there is 
therefore a considerable amount of interest in quality control and reproducibility [9]. In piercing 
only the hole diameter and time of penetration are of practical interest [5]. The piercing time and 
hole diameter can be affected by a number of process parameters including laser wavelength, 
power, power modulation and process gas type and pressure [10].

This paper uses High Speed Imaging to investigate flow characteristics within the piercing hole 
over a range of laser pulsing conditions. 

2. Experimental Method

An Ytterbium fibre laser (IPG: YLR-
thick stainless steel plate (SIS 2343). The laser beam was delivered to a Precitec laser cutting head 
consisting of focusing lens with focus distance of 125 mm. (Collimator: 100 mm, magnification 
1.25:1).

The gas nozzle had a diameter of 3 mm, nitrogen was supplied to the nozzle at a pressure of 6 bar 
and the laser beam was focused 5 mm below the work piece surface. The standoff distance between 
the nozzle and the work piece was set to 6 mm.

The piercing experiments were carried out both in pulsed and in continuous wave (cw) mode. In the 
cw mode the laser output power (measured at the work piece) was 3700 W. In the pulsed condition 
the peak laser power (Ppeak) was approximately 3700 W during the ‘laser on’ phase of the pulse and 
zero during the ‘laser off’ phase.
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Figure 3b presents the definitions of different pulse parameters used. The average power of the laser 
(at the work piece) in each case was measured using a Macken Instruments digital power meter. 

The piercing time was measured with a Photron Fastcam high speed camera at frame rates ranging 
from 3,000 Hz to 10,000 Hz. The camera was positioned such that the top and bottom edges of the 
work piece were visible in order to time both stop and finish time of piercing. All pierced hole 
experiments and power measurements were repeated three times giving both average values of 
pierce time and average power with their corresponding error margin.

The high speed imaging (HSI) camera was also used to observe the movement of the melt within 
the piercing hole before penetration took place. A Cavilux HF diode illumination laser was used to 
‘outshine’ the process light coming from the laser-material interaction. A band pass filter which 
blocks process light while passing through the illumination wavelength was placed in front of the 
camera. Figure 3a presents the experimental setup consisting of the HSI camera and illumination 
laser.

(a)

(b)

Figure 3. (a) The experimental set up. (b) The pulse shape and parameters.

3. Results and discussion

Figure 4 shows the pierce time results from a number of different pulsing parameters where the 
pulse on/off time had a ratio of 1:1 in each case (ranging from ‘1 ms on/1 ms off’ up to ‘4 ms on/ 4 
ms off’). The point of reference for these results is the pierce time for the 3.7 kW continuous wave 
(cw) beam – which gives an average value of 178 ms for this material (10 mm thick stainless 
steel). 



Pocorni Paper III: Investigation of laser piercing           85

Figure 4. Pierce times as a function of the pulse period for a pulse on/off ratio ton/toff = 1:1 
(Duty cycle: 50%).

It is clear from these results that the 2, 3 and 4 ms on/off pulse parameters which correspond to a 
pulse period, T = 4, 6 and 8 ms, give a longer pierce time than the cw condition. This slowing down 
of the piercing process is attributable to two effects: a. The overall average power of the laser is 
approximately halved when pulsing with a 1:1 on/off ratio, see table 1, and b. If the pulse ‘laser off’ 
times are of sufficient duration a substantial proportion of the melt produced will have time to cool 
and solidify between pulses. Solidification would require multiple re-melting of the same volume of 
material – which is obviously a waste of energy which would slow the process down. 

Table 1. Laser average power at different pulse conditions (Average power for cw mode: 3700 W).

Laser on Laser off Average Power
1 ms 1 ms 2250 W
2 ms 2 ms 2000 W
3 ms 3 ms 1990 W
4 ms 4 ms 1980 W

Observation of high speed imaging videos confirmed that the amount of resolidification which takes 
place between pulses is minimal at off times of less than 3 ms, but at 4 ms and above it begins to 
have a severe effect on piercing times, as can be seen in Figure 4 (the ‘4 ms off’ parameter, T = 8 
ms, results in a doubling of the pierce time).

Given the reduction in power associated with the pulsing process it is perhaps surprising that 
the 2 and 3 ms results (T = 4 ms and T = 6 ms) in Figure 4 are as close as they are to the cw 
result. Additionally, it is clear that the cw pierce time can be improved upon by certain pulse 
conditions. In this case the 1 ms on/off pulse (which corresponds to the T = 2 ms) result (142 ms) 
involved a 20% reduction in piercing time compared to cw, even though the average power of the 
laser had been almost halved, from 4 kW to 2.25 kW. These results show that the mechanism of the 
piercing process for a pulsed laser is more energy efficient and faster than cw if appropriate pulse 
parameters are used. 
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Observation of the high speed imaging videos for piercing events carried out using cw and pulsed 
beams demonstrated the following general points:

a. When a cw laser beam was employed the melt produced was in a constant state of 
turbulence with sporadic splashing of liquid out of the piercing area. Melt splash removal 
was most effective in the first few milliseconds but once the top layers of melt are removed, 
the remaining melt has to travel further vertically to escape from the (approximately conical) 
melt pit.

b. When a pulsed laser was used the melt would calm down and descend to fill the melt pit 
between pulses. A new pulse would then cause a sudden disturbance in the melt – pushing 
the central portion of the melt downwards and making the outer edges of the melt rush up 
the sides of the pierce crater. This upwards rush often leads to melt ejection.

The results presented in Figure 4 suggested that the shortest ‘laser off’ time of 1 ms gave the best 
results, and so a series of piercing experiments were carried out at this ‘off time’ for a range 
of ‘on times’. The results are presented in Figure 5.

Figure 5. Piercing time from piercing experiments carried out with a laser ‘off time’ of 1 ms over a 
range of ‘on times’.

Figure 5 clearly shows that a pulse time of 1 ms gives an optimum piercing time of 93 ms when the 
‘laser on’ time is 5 ms. This is a reduction to almost half of the cw pierce time of 178 ms. Also, as 
the error bars in Figure 5 show, the process was highly repeatable. This is an important point from 
an industrial point of view because the piercing process needs to be very reliable and most machine 
suppliers give the laser a very comfortable time margin to complete the pierce. A shorter piercing 
time would be of little industrial use if the process was unreliable and therefore required a very 
large error factor. 

The reason why the piercing event takes longer at shorter ‘laser on’ times is probably attributable to 
the fact that shorter ‘laser on’ times will result in a smaller duty cycle of the beam – with a 
consequent drop in average power – as demonstrated in Figure 6 (The duty cycle is defined in 
Figure 3b).
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Figure 6. Average laser power as a function of ‘laser on’ time at a ‘laser off’ time of 1 ms.

The reason why the piercing event takes longer at ‘laser on’ times in excess of 5 ms was 
investigated by observation of the high speed images of the process. This revealed that at 
progressively longer ‘laser on’ times the melt in the pierce zone became deeper and more 
voluminous and so responded less to the short break in the laser pulse. In short, the melt behaved 
more like the melt created by a cw beam.

Although the pulse conditions investigated here resulted in a substantial reduction in piercing time 
they had no appreciable effect on the other parameter of industrial interest as far as piercing is 
concerned; the diameter of the pierced hole. Figure 7 shows the top entrance to a typical pierced 
hole produced in this experimental program. The entrance hole diameter is approximately two 
millimetres and Figure 8 confirms that all the pierce holes, produced by both cw and pulsed laser, 
were of the approximately the same size.

Figure 7. A typical top entrance to a pierced hole (ruler increments are 0.5 mm).
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Figure 8. Hole entrance diameters for pierced holes produced for Figure 5.

The speed of piercing is of obvious commercial interest because higher speeds result in greater 
productivity. Pierce hole diameter is also of industrial interest because if the pierce hole is no wider 
than the cut line, the piercing event can be carried out on the line to be profiled. This is clearly more 
efficient than the usual technique of piercing off the profile line (for example in the middle of a 
circle which will subsequently be profiled to produce a hole). Although other researchers [10] and 
industrial machine manufacturers have identified pulse parameters which achieve pierced holes 
which are of a similar width as the cut line, this generally results in a slow penetration event. It is 
hoped that more research in this area will develop an optimum piercing event which combines 
speed and minimum hole diameters.

4. Conclusions

Laser piercing involves a turbulent melt which is sporadically ejected from the laser-
material interaction zone.
Laser pulsing can assist the melt ejection process if the ‘laser off’ times are short enough to 
make inter-pulse solidification negligible.
Suitable laser pulses can assist melt ejection by providing a sudden downwards push on a 
melt which has collapsed into the bottom of the melt pit during the ‘laser off’ part of the 
pulse cycle. This forces peripheral melt upwards and out of the piercing zone.
Pulsing in the pulse regime investigated in this paper did not reduce the size of the entrance 
to the pierced hole. 
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