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It is known already from 1970´s that laser beam is suitable for processing paper materials. In this 
thesis, term paper materials mean all wood-fibre based materials, like dried pulp, copy paper, 
newspaper, cardboard, corrugated board, tissue paper etc. Accordingly, laser processing in this 
thesis means all laser treatments resulting material removal, like cutting, partial cutting, marking, 
creasing, perforation etc. that can be used to process paper materials.  

Laser technology provides many advantages for processing of paper materials: non-contact method, 
freedom of processing geometry, reliable technology for non-stop production etc. Especially 
packaging industry is very promising area for laser processing applications. However, there are only 
few industrial laser processing applications worldwide even in beginning of 2010´s. One reason for 
small-scale use of lasers in paper material manufacturing is that there is a shortage of published 
research and scientific articles. Another problem, restraining the use of laser for processing of paper 
materials, is colouration of paper material i.e. the yellowish and/or greyish colour of cut edge 
appearing during cutting or after cutting. These are the main reasons for selecting the topic of this 
thesis to concern characterization of interaction of laser beam and paper materials. 

This study was carried out in Laboratory of Laser Processing at Lappeenranta University of 
Technology (Finland). Laser equipment used in this study was TRUMPF TLF 2700 carbon dioxide 
laser that produces a beam with wavelength of 10.6 µm with power range of 190-2500 W (laser 
power on work piece).  

Study of laser beam and paper material interaction was carried out by treating dried kraft pulp 
(grammage of 67 g m-2) with different laser power levels, focal plane postion settings and 
interaction times. Interaction between laser beam and dried kraft pulp was detected with different 
monitoring devices, i.e. spectrometer, pyrometer and active illumination imaging system.  

This way it was possible to create an input and output parameter diagram and to study the effects of 
input and output parameters in this thesis. When interaction phenomena are understood also process 
development can be carried out and even new innovations developed. Fulfilling the lack of 
information on interaction phenomena can assist in the way of lasers for wider use of technology in 
paper making and converting industry.  

It was concluded in this thesis that interaction of laser beam and paper material has two mechanisms 
that are dependent on focal plane position range. Assumed interaction mechanism B appears in 
range of average focal plane position of 3.4 mm and 2.4 mm and assumed interaction mechanism A 
in range of average focal plane position of 0.4 mm and -0.6 mm both in used experimental set up. 
Focal plane position 1.4 mm represents midzone of these two mechanisms. 

Holes during laser beam and paper material interaction are formed gradually: first small hole is 
formed to interaction area in the centre of laser beam cross-section and after that, as function of 
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interaction time, hole expands, until interaction between laser beam and dried kraft pulp is ended. 
By the image analysis it can be seen that in beginning of laser beam and dried kraft pulp material 
interaction small holes off very good quality are formed. It is obvious that black colour and heat 
affected zone appear as function of interaction time. This reveals that there still are different 
interaction phases within interaction mechanisms A and B. These interaction phases appear as 
function of time and also as function of peak intensity of laser beam.  
 
Limit peak intensity is the value that divides interaction mechanism A and B from one-phase 
interaction into dual-phase interaction. So all peak intensity values under limit peak intensity belong 
to MAOM (interaction mechanism A one-phase mode) or to MBOM (interaction mechanism B one-
phase mode) and values over that belong to MADM (interaction mechanism A dual-phase mode) or 
to MBDM (interaction mechanism B dual-phase mode).  
 
Decomposition process of cellulose is evolution of hydrocarbons when temperature is between 380-
500°C. This means that long cellulose molecule is split into smaller volatile hydrocarbons in this 
temperature range. As temperature increases, decomposition process of cellulose molecule changes. 
In range of 700-900°C, cellulose molecule is mainly decomposed into H2 gas; this is why this range 
is called evolution of hydrogen. 
 
Interaction in this range starts (as in range of MAOM and MBOM), when a small good quality hole 
is formed. This is due to “direct evaporation” of pulp via decomposition process of evolution of 
hydrogen. And this can be seen can be seen in spectrometer as high intensity peak of yellow light 
(in range of 588-589 nm) which refers to temperature of ~1750ºC. Pyrometer does not detect this 
high intensity peak since it is not able to detect physical phase change from solid kraft pulp to 
gaseous compounds.  
 
As interaction time between laser beam and dried kraft pulp continues, hypothesis is that three auto 
ignition processes occurs. Auto ignition of substance is the lowest temperature in which it will 
spontaneously ignite in a normal atmosphere without an external source of ignition, such as a flame 
or spark. Three auto ignition processes appears in range of MADM and MBDM, namely: 
1. temperature of auto ignition of hydrogen atom (H2) is 500ºC, 
2. temperature of auto ignition of carbon monoxide molecule (CO) is 609ºC and 
3. temperature of auto ignition of carbon atom (C) is 700ºC. 
 
These three auto ignition processes leads to formation of plasma plume which has strong emission 
of radiation in range of visible light. Formation of this plasma plume can be seen as increase of 
intensity in wavelength range of ~475-652 nm. Pyrometer shows maximum temperature just after 
this ignition.  
 
This plasma plume is assumed to scatter laser beam so that it interacts with larger area of dried kraft 
pulp than what is actual area of beam cross-section. This assumed scattering reduces also peak 
intensity. So result shows that assumably scattered light with low peak intensity is interacting with 
large area of hole edges and due to low peak intensity this interaction happens in low temperature. 
So interaction between laser beam and dried kraft pulp turns from evolution of hydrogen to 
evolution of hydrocarbons. This leads to black colour of hole edges.  
 
Keywords: Laser, laser beam, paper material, karft pulp, pulp, interaction, monitoring 
 
UDC 621.791.725:621.373.8:676.2 
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NOMENCLATURE 
 
Symbol Unit Explanation 
 
a - Energy absorptivity    
A m2 Area 
A m2 Cross-sectional area of cut kerf 
AH mm2 Hole area 

AHB mm2 Hole area in bottom side  
AHIZ mm2 Area of HIZ 

B - Constant related to material  
BCA  mm2 Beam cross-section area 
BCA86  mm2 Beam cross-section area which contains 86 % of all laser power 
BCAImax  mm2 Beam cross-section area of highest intensity  
BCAImin mm2 Beam cross-section area of lowest intensity  
BHR100 % Beam-hole-ratio for BCA 
BHR86 % Beam-hole-ratio for BCA86 
BIR % Beam intensity ratio 
C  J K-1 Heat capacity 
Conicality % Conicality 
c J  K-1 kg-1 Specific heat capacity    
c mol Concentration of substance   
cBHR86 % BHR86 constant of 176.82 
cFLA mm2 Constant depending on average laser power 
cFLH mm Constant depending on average laser power 
cFPA mm2 Constant depending on pulse length 
cFPH % Constant depending on pulse length 
cH  J mm-2 Constant 
cP J  K-1 kg-1 Specific heat capacity  
Cp J  K-1 kg-1

 Specific heat of paper material 
D m Depth of cutting 
d m Diameter of focal point 
d m Diameter of particle 
D m Diameter of raw beam 
dA m2 Unit of area E hits 
dx - Differential layer 
E J Amount of energy 
E J Radiation energy 
E J Total energy absorbed by one small area ΔS 
El J m-1 Cutting energy per unit length 
Epulse J  Pulse energy 
F  J mm-2 Fluence 

f - Frequency 
f % Focal plane position 
f mm Focal plane position 
fi - Relative amount of pulp components in mixture 
fi - Relative frequency of event i 
fL m Focal length of lens 
Flimit   J mm-2 BHR86 limit fluence 
H J g-1 Enthalpy 
h J s Planck constant 
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HAZ % Heat affected zone in paper material 
HAZbottom % HAZ in bottom side of material 
HAZtop % HAZ in top side of material 
I W m-2 Intensity of light
i W m-2 Intensity of light falling from top side to layer dx 
I0  W m-2 Intensity of incoming light
I0  W m-2 Peak intensity at the centre of focused beam 

ia W m-2 Intensity of absorbed light 
ih W m-2 Intensity of reflected light 
io W m-2 Intensity of incoming light 
iP - Pulp component
is W m-2 Intensity of scattered light 
IS W m-2 Intensity of scattered light
it W m-2 Intensity of transmitted light and 
j - Intensity of light falling from bottom side to layer dx  
J W m-2 Intensity of reflected light 

K - K-value 
K m-1 Coefficient of light absorption of layer dx  
k m2 g-1 Coefficient of light absorption (Kubelka-Munk) 
k W m2 Coefficient 
kBHR86 (mm2 · %) J-1Coefficient of 25.92 
kFLA mm Coefficient depending on average laser power 
kFLH % mm-1 Coefficient depending on average laser power
kFPA mm Coefficient depending on pulse length 
kFPH % mm-1 Coefficient depending on pulse length 
kH J-1 Coefficient 
ki m2 g-1 Light absorption of pulp component i 
kS - Coefficient of light scattering 
l - Number of angular zero fields 
LF J g-1 Latent heat 
lS m Depth of focal point 
Lv  J g-1 Latent heat of vaporization 
m - Refractive index of particle 
m g Mass 
M g Mass of object 
M2 - M2-value 
MAE - Mean absolute error 
mg g m-2 Grammage of paper material 
N - Amount of particles in unit of volume 
n - Amount of variables 
n - Refractive index of material 
N - Total number of events 
n0  - Refractive index of air 
NA  mol-1 Avogadro’s number 
Na - Number of absorbers 
ni - Number of event i 
nS - Amount of scattering 
p   - Number of radial zero fields  
P W Laser power  
ɸf J m-2 Fluence 
PI kW cm-2 Peak intensity 
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PImax kW cm-2 Highest intensity of BCAImax 
PImin  kW cm-2 Lowest intensity in BCAImin 
Plaser W Laser power 
Pmax W Laser power in BCAImax 
Pmin W Laser power in BCAImin 

q  - Number of longitudinal zero fields 
Q  - Specific energy of material 
Q J m-1 Heat input 
Q J Amount of heat 
QSt m-2 Coefficient of efficiency of light scattering 
r - Radius of particles 
R - Range 
R % Reflectance of material 
R m Radius of laser beam 
R % Intrinsic reflectance factor 
R % Reflectance of polarised light (perpendicularly to surface) 
R0 % Reflectance factor 
R1 % Reflectance factor of layer 1 
R2  - Correlation  
R2  % Reflectance factor of layer 2 
rdx - Reflectance factor of layer dx 
Rg % Reflectance factor of background 
rH mm Radius of hole 
rHIZ mm Radius of HIZ 
RII % Reflectance of polarised light (parallel to surface) 
Rn  % Reflectance factor of layer n 
s - Standard deviation 
S m-1 Coefficient of light scattering of layer dx 
s m2 g-1 Coefficient of light scattering (Kubelka-Munk) 
s2 - Variance 
si m2 g-1 Light scattering of pulp component i  
T - Transmittance of material 
T1  - Transmittance of layer 1 

T2 - Transmittance of layer 2 
Ta  K Ambient temperature 
Tc  K Crystallization temperature  
Td  K Degradiation temperature  
Te  K Ambient temperature 
Tg  K Glass transition temperature  
Tm  K Melting temperature  
Tn - Transmittance of layer n 
tpulse s Pulse length 
v m s-1 Cutting speed 
V m s-1 Speed of workpiece 
v s-1 Frequency of radiation 
W g Weight of material vaporised in area ΔS 
X m Thickness of layer 
xi - Variable i 
xmax - Largest value in data 
xmin - Smallest value in data 
xn - Variable number n 
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x  - Mean value of variables 

x
s - Standard error of mean 

 kg m-3 Density of material 
 m² s-1 Thermal diffusivity 
 m Wavelength of incoming light 
λ W (K · m)-1 Thermal conductivity 
σ - Absorption of cross section 
δ m Thickness of paper material 
 Rad Divergency
ω - Constant related to material

ΔEmol  - Equivalent mole of quanta of light  
ΔH J g-1 Enthalpy change 
ΔHAZ %  Difference between HAZ in top side of material and bottom side of 
ΔHc

 J g-1 Heat of combustion 
ΔHfus J g-1 Enthalpy of fusion 
ΔHv J g-1 Enthalpy of vaporization 
Q J Change in amount of heat 
ΔS m2 Small area on workpiece 
T K Change in temperature 

material 
Δt   s Time for laser beam to pass area ΔS 
ΔX m x-axis dimension of ΔS 
ΔY m y-axis dimension of ΔS 

Abreviation  Explanation 

CWF Coated woodfree  
DM Dual-phase mode of interaction mechanism 
DP  Degree of polymerisation 
DSC Differential scanning calorimetry 
EH2 Evolution of hydrogen 
EHC Evolution of hydrocarbons 
FTIR Fourier transformation infrared spectroscopy 
ICA Interaction cross-section area 
I-I parameters Interaction-input parameters 
I-O parameters Interaction-output parameters 
IR Infrared radiation 
LWC Light weight coated 
MADM Interaction mechanism A dual-phase mode  
MAOM Interaction mechanism A one-phase mode 
MBDM Interaction mechanism B dual-phase mode  
MBOM Interaction mechanism B one-phase mode  
MMM analyses Minimum-median-maximum analyses  
MS Mass spectrometer
Nd:YAG  Neodymium-doped yttrium aluminium garnet (Nd:Y3Al5O12) 
OM One-phase mode of interaction mechanism 
PE Polyethylene
PER Path extension ratio 
PI-O parameters Post-interaction parameters 
SC Supercalendered
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TG  Thermogravimetry 
TVA  Thermal volatilisation analysis 
UV  Ultraviolet radiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 (265) 

INTRODUCTION 

1 Overview of thesis 

It is known (Rickli, 1982; Ramsay and Richardson, 1992; Powell, 1993; Laakso et al., 2004; 
Malmberg et al., 2006) that laser beam is suitable for processing of paper materials. In this thesis, 
paper materials mean all wood-fibre based materials, like dried pulp, copy paper, newspaper, board, 
cardboard, corrugated board, tissue paper etc. Accordingly, laser processing in this thesis means all 
laser treatments, like cutting, partial cutting, marking, creasing, perforation, engraving etc. that can 
be executed to paper materials with laser beam.  

1.1 Background and motivation of this thesis 

Laser technology has been applied to paper material processing since 1970’s, when one of the first 
applications was scoring of cigarette filter paper with laser beam. In 1980´s, technological 
development enabled more advanced laser equipment and also increased number of applications. 
Laser cutting could be performed in 1980´s with speed of hundreds of metres per minute. In 1990´s 
laser technology increased its volume in papermaking industry; lasers at paper industry were used 
for different perforating and scoring applications. Reason for this was advantages of this novel 
technology, like increased reliability of technology and relatively decreased price of equipment. 
Very important factor increasing the use of laser equipment in paper industry was also availability 
of published research and scientific articles in beginning of 1990´s. In beginning of 2000´s laser 
equipment developed a lot technically and also their price decreased to such that whole technology 
was commercially available and industrial implementation was simple. Malmberg et al. (Malmberg 
et al., 2006) received very high speeds; up to 4.7 km min-1 with LWC paper; with laser cutting of 
paper materials.  

Laser technology provides many advantages for processing of paper materials: non-contact method, 
freedom of processing geometry, reliable technology for non-stop production etc. Especially 
packaging industry is very promising area for laser processing applications; laser creasing, laser 
cutting and laser marking could be done with same laser equipment. However, there is only few 
industrial laser processing applications worldwide even in beginning of 2010´s. One reason for 
small-scale use of laser technology in paper material manufacturing is that there is a shortage of 
published research and scientific articles. Another reason for restraining the use of laser for 
processing of paper materials has been the yellowish and/or greyish colour of cut edge that appears 
during cutting or after cutting. These all are the main reasons for selection of the topic of this thesis 
to concern characterization of interaction of laser beam and paper materials. Large-scale industrial 
implementation of laser cutting of paper materials can be reality only after full understanding of 
phenomena involved. When basic issues in laser beam and paper material interaction are studied, 
also new innovative ways for further developing laser processing of paper materials can be done 
and even new applications found. This fundamental research also provides widened knowledge of 
this technological application and increases the use of laser technology within paper converting 
industry.   

Paper making and converting industry in Europe is suffering from basic manufacturing transfer to 
fast-growing economies, such as China and Brazil. Pulp and paper production volume in Finland, 
Sweden and France was the same in 2011 as it was in 2000. Meanwhile China has tripled its 
volume and Brazil doubled (Anon., 2012c). This is a situation where new innovative solutions for 
papermaking and converting industry are needed. Laser can be the ultimate solution for this, as it is 
fast, flexible accurate and reliable technology for example to manufacture smart packages. Before 
this is total reality, characteristics of laser beam and paper material interaction has to be understood. 
When this fundamental knowledge is known also new innovations can be created. Also important 
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role of this thesis is to spread knowledge of laser technology in paper making and converting 
industry including evaluation of its possibility, restrictions and techno-economical aspects.  
 
1.2 Research objectives of this thesis 
 
Research objectives of this thesis are divided into objectives of theoretical part and objectives of 
experimental part. 
 
1.2.1 Theoretical part 
 
Most important aim of theoretical part is to give general theoretical view of phenomena involved in 
interaction of laser beam and paper materials. Since there is lack of published research, studies and 
publication of laser processing of paper material and especially of interaction between laser beam 
and paper material, this literature review was carried out by dividing this interaction into different 
categories by characteristics of interaction. These categories are: 
 
A Optical phenomena of interaction  
B  Absorption phenomena of interaction  
C Thermo-chemical phenomena of interaction 
D Thermo-physical phenomena of interaction  
E Energy balance of interaction 
 
There is plenty of data of these interactions available and when they are surveyed, a total picture of 
laser beam and paper material interaction can be drawn. 
 
Aim of literature review is to give comprehensive and versatile image of different aspects of laser 
beam and paper material interaction so that when experimental part is executed this knowledge 
helps to understand all phenomena occurred and examined during experimental tests. And on the 
other hand, as there are no studies of overall phenomena of interaction between laser beam and 
paper material, this literature review tries to fill this “empty gap”. 
 
1.2.2 Experimental part 
 
Aim of the experimental part of this thesis was to examine laser beam and paper material interaction 
and characteristics of it.  
 
This study was carried out in Laboratory of Laser Processing at Lappeenranta University of 
Technology (Finland). Laser equipment used in this study was TRUMPF TLF 2700 carbon dioxide 
laser that produces a beam with wavelength of 10.6 µm and with power range of 190-2500 W 
(approximate laser power on work piece).  
 
Study of laser beam and paper material interaction was executed by treating dried kraft pulp 
(grammage of 67 g m-2) with different laser power levels, focal point settings and interaction times. 
Interaction between laser beam and dried kraft pulp was detected with different monitoring devices, 
namely spectrometer, pyrometer and active illumination imaging system. Evaluation of usability of 
these devices was also carried out. 
 
Laser beam and dried kraft pulp interaction was characterised with assist of following monitoring 
methods: 
- spectrometer of HR2000+ by Ocean Optics, 
- pyrometer of Temperature-Control-System TCS by Thyssen Laser-Technik and  
- active illumination imaging system by Cavitar. 
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Pyrometer and spectrometer are used for observation of radiation emitted by process. Spectrometer 
measures intensity of light over a defined wavelength range (194-652 nm) and pyrometer monitors 
thermal radiation from two narrow ranges in IR wavelength range (1200-1400 nm and 1400-1700 
nm). Spectrometer can be used for detecting emission and intensity of different wavelengths as a 
function of time. It is possible to determine surface temperature of the object with pyrometer. 
Active illumination imaging system can be used to take videos from bright sources still avoiding the 
high brightness of the source to cause over exposure of the camera cell. Result of interaction was 
also analysed afterwards with microscope.  
 
This way it was possible to create an input and output parameter diagram and study the effects of 
input and output parameters. When this interaction is understood also process development can be 
carried out and even new innovations found out. There is clear lack of this kind of information 
which also prevents wider use of laser technology in paper making and converting industry.  
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THEORETICAL PART 
 
I  INTERACTION BETWEEN LASER BEAM AND PAPER MATERIALS  
 
Interaction phenomena between laser beam and paper materials are essential for understanding what 
happens during laser cutting of paper materials. There is only couple of published articles about 
interaction phenomena of laser beam and paper materials (Hülbusch, 1991; Piili, 2007; Piili et al., 
2009). This is why interaction phenomena have to be approached “indirect route” by studying 
following phenomena: 
 
A Optical phenomena of interaction  
B  Absorption phenomena of interaction  
C Thermo-chemical phenomena of interaction 
D Thermo-physical phenomena of interaction  
E Energy balance of interaction 
F Theoretical model of CO2 laser cutting of non-metallic materials 
 
A  Optical phenomena of interaction  
 
There are no literature about laser light and paper material interaction from optical point of view. 
Due to this optical phenomena are studied via introducing optical properties of paper materials in 
general. Laser beam is light with special properties so general optical theories are also valid for case 
of interaction of laser beam and paper material. This all give an overall idea of phenomena when 
laser light hits paper material. 
 
2 Structure of paper materials 
 
First impression of paper material is smooth, even and flat surface but microscopic view reveals that 
paper materials have complex structure that consists of net structure formed by wood-based fibres, 
filler particles (usually clay/kaolin, calcium carbonate or other mineral) and air. Some paper 
materials are coated with a thin layer of mineral pigments (usually clay/kaolin, calcium carbonate or 
other mineral or mixture of previous pigments) or with a thin layer of plastic. Some paper materials 
consists of layers of different paper materials, for example middle layer of mechanical pulp and top 
and bottom layer of chemical pulp (Norman, 1992). Appendix 1 introduces some explanations of 
terms used in paper technology (Avallone and Baumeister, 1996; Goyal, 2011). 
 
Fibres are usually much longer (average fibre length 1 mm) than their thickness (average fibre 
thickness 100-200 µm) is and that is why wood fibre network reminds flat 2D network. When air 
pores between fibres are taken into consideration, fibre network forms 3D network, where some 
pores even reach top and bottom (Niskanen, 1991). Figure 2.1 represents typical 3D fibre network 
structure of paper materials (Norman, 1992). 
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a)   

b)   
 

Figure 2.1. Typical wood fibre 3D network a) from top side of paper material b) and from 
edge of paper material (Norman, 1992). 

 
This special 3D wood fibre network has strong effect on optical properties of paper materials, while 
paper material consists of several different optical boundaries: pores with different size and shape, 
mineral pigments with size of some micrometres, long fibres, etc. Light can transmit, reflect, 
scatter, refract, diffract, absorb etc., when it interacts with paper material and its components 
(Niskanen, 1998; Pauler, 2002). 
 
3 Quantities to describe optical properties of paper materials 
 
3.1  Refractive index 
 
From macroscopic point of view it can be said that, when light meets paper material it: 
- reflects away from top surface of paper material and 
- refracts inward from top surface of paper material. 
 
Part of inward refracted light is absorbed by paper material and energy of light is converted into 
heat energy. Absorption depends on material and wavelength of light (Lindholm et al., 1983). The 
non-absorbed remaining of light transmits through paper material and interacts with lower surface 
of paper material and refracts in this boundary. This is shown in figure 3.1 (Pauler, 2002). 
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Figure 3.1. Interaction of light and paper material in macroscopic scale (Pauler, 2002). 
 
3.2 Light scattering  
 
From microscopic point of view it can be said that, 3D network of wood fibres make the light 
material interaction much more complicated. Figure 3.2 illustrates this complexity of interaction. 
When light interacts with paper material, it reflects horizontally, vertically and outbound from 
surfaces of the fibres and pigments particles (figure 3.2a). Light also refracts so that it changes its 
path (figure 3.2b). When light hits particles and pores which have the same or smaller dimensions 
as the wavelength of incoming light, it diffracts the light (figure 3.2c) (Pauler, 2002).  

a)  b)  

c)  d)  
 
Figure 3.2. Interaction of light and paper material in microscopic scale (Pauler, 2002). 
 
In figure 3.2c diffraction happens, when light meets a round particle that has diameter equal or 
smaller than the hitting wavelength; that is why it is directed to all directions. This diffraction and 
scattering phenomena are discussed further in this literature review. Light penetrates into pigment 
particles and fibres and absorbs into them (figure 3.2d). Because fibres are hollow, they contain 
many optical boundaries and optical interactions (described earlier) happens also inside fibres 
(Pauler, 2002; Lindholm et al., 1983). Usually one concept that is used to describe reflection, 
refraction and diffraction is light scattering (Pauler, 2002; Aaltonen, 1983). 
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When considering paper materials, light scattering is depending on (Lindholm et al., 1983): 
- amount of optical boundaries to reflect the light, 
- refractive index of compounds in paper material (fibres, filler/coating pigments, etc.) and 
- amount, size, shape and distribution of particles that have same size as wavelength of light 

(remarkable particle size range is 0.25 – 1 µm). 

3.3 Diffuse reflection 

All optical phenomena described earlier (reflection, refraction, diffraction and absorption) can 
multiply themselves inside paper material. This process cannot be observed from outside. Only 
thing to observe is that paper material has smooth, white and matt-like surface. i.e. diffuse reflection 
is visually observed (Pauler, 2002; Lindholm et al., 1983). This is illustrated in figure 3.3 
(Aaltonen, 1983). 

Figure 3.3. Diffuse reflection (io = intensity of incoming light, ih=intensity of reflected light, 
ia=intensity of absorbed light, it=intensity of transmitted light and is=intensity of 
scattered light) (Aaltonen, 1983).  

3.4 Reflectance 

Reflectance of paper materials is relation between intensity of light reflected from top surface of 
material and intensity of incoming light that has interacted with top surface of material. Reflectance 
can be calculated as equation 3.1 (Fresnel equation) shows. This case is for light incoming to top 
surface of paper material perpendicularly.  

2

0

0%100 










 n n 

 n  -  n
  R  (3.1)

where R reflectance of material, % 
n refractive index of material, - 
n0  refractive index of air, - 
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Refractive index of air is 1.0 and refractive index of celluloid materials is 1.5, which gives 
reflectance of 4 % for paper materials. This means that 96 % of incoming light penetrates into paper 
material and 4 % is reflected away. Paper materials have never really smooth surface in practice and 
this is why part of light is in practice scattered away with large angle (Pauler, 2002). 
 
3.5 Directed reflection  
 
Top surface of paper material can be processed such that reflection is directed. These processes can 
be for example calendaring (process which smoothens paper surface via compressing paper between 
cylinders) or coating (applying a layer of pigment on top surface of paper to enhance printing 
properties of paper). Such processes make paper top surface more even; so all of reflection from 
paper top surface is not diffuse. This kind of directed reflection is called gloss in paper technology. 
Gloss is a desired property of paper materials, because this enhances the shine and fullness of 
printed colours (Niskanen, 1998; Pauler, 2002; Aaltonen, 1983). Figure 3.4 represents reflection 
values of paper materials that are processed different ways and the angle of incoming light varies 
from 50 to 70 (Pauler, 2002). 

 
Figure 3.4. Directed reflection for different paper materials (Pauler, 2002). 
 
As it can be noticed from figure 3.4, glossy art paper gives narrow and high peak where untreated, 
matt paper gives wide and low peak. Figure 3.4 shows that processing of paper materials causes the 
angle of reflected light to be almost the same with angle of incoming light. When top surface of 
paper material become rougher and coarser (matt paper in figure 3.4) the angle of reflected light is 
larger; rough and coarse paper surface causes diffuse reflection. On the contrary, smoother paper 
surface (art print in figure 3.4) causes directed reflection and this way gloss of paper material is 
increased (Pauler, 2002). 
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3.6 Polarized light  
 
If random polarized light, see appendix 2 (Steen, 1991), is directed to top surface of paper material 
perpendicularly, four percent of incoming light is reflected. When angle of incoming light is 
decreased, reflection of polarization plane parallel to top surface (RII) is decreased. When angle of 
incoming light is decreasing, reflection of polarization plane that oscillates perpendicularly to top 
surface of paper material (R) is strongly decreased and reaches value of zero. After this so called 
Brewster angle this reflection (R) is increased, when angle of incoming light is decreased. In case 
of paper material Brewster angle depends on wavelength of incoming light and refractive index of 
paper material (Pauler, 2002). 
 
Figure 3.5 shows value of reflectance in function of reflectance angle, when random polarized light 
(reflectance R), polarized visible light that oscillates parallel to top surface (reflectance RII) and 
polarised light that oscillates perpendicularly to top surface (reflectance R) hits to surface that has 
a refractive index of 1.5 (Pauler, 2002). 
 

 
Figure 3.5. Effect of random polarised and polarised visible light, when angle of incoming 

light is changed and refractive index of surface is 1.5 (Pauler, 2002). 
 
4 Parameters that describe optical properties of paper materials 
  
4.1 Reflectance factor 
 
Reflectance factor R0 means reflectivity of one single paper material sheet, when background is 
absolute black (Niskanen, 1998; Pauler, 2002). Figure 4.1 represents definition of reflectance factor 
(Pauler, 2002). 
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Figure 4.1. Reflectance factor and its definition (Pauler, 2002). 

4.2 Intrinsic reflectance factor 

Intrinsic reflectance factor R is reflectance factor of such bunch of paper material that, when 
thickness of bunch increases further, there is no more change to reflectance factor. In other words 
intrinsic reflectance factor is reflectance factor of opaque layer of paper materials (Aaltonen, 1986; 
Niskanen, 1998; Pauler, 2002). Figure 4.2 shows the principle of definition of intrinsic reflectance 
factor (Pauler, 2002). 

Figure 4.2. Intrinsic reflectance factor (Pauler, 2002). 

4.3  Opacity 

Transparency of paper materials are usually evaluated as non-transparency material (opacity of 
paper material). Opacity can be calculated as equation 4.1 shows. 

%100Opacity 
R

R0 (4.1)

where R0 reflectance factor, - 
R intrinsic reflectance factor, -. 

Opacity of totally transparent paper material is zero and opacity of totally non-transparent (opaque) 
paper material is one (Anon, 1992; Pauler, 2002). 

4.4 Path extension ratio (PER) 

In some context optical properties of paper materials are described by concept of PER (path 
extension ratio). This describes the optical path of light inside the paper material. PER depends on 
paper material and material thickness (Boutelje and Moldenius, 1982; Ojala, 1993a). Figure 4.3 
represents the principle of PER (Ojala, 1993a). 
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Figure 4.3. PER (path extension ratio) (Ojala, 1993a). 

4.5 Coefficient of light scattering and light absorption (Kubelka-Munk) 

Coefficient of light scattering s depends on refractive index of material and is specific area of 
material. Coefficient of light absorption k defines, what is the amount of incoming light being 
absorbed to material. These both parameters are from Kubelka-Munk-equations commonly used in 
paper technology to describe optical properties of paper material. Kubelka-Munk-equations are 
further introduced in this literature review (Aaltonen, 1983; Aaltonen, 1986; Niskanen, 1998). 
Figure 4.4 represents dependency of coefficient of light absorption to coefficient of light scattering, 
when different pulps and pigments are located in it (Aaltonen, 1983).  

5 Theories modelling optical properties of paper materials 

Intensity of light scattering of paper materials is theoretically difficult to estimate or calculate since 
geometry, location and dimensions of components of paper material are varying. Components have 
different optical properties and they are randomly located in z-direction of paper material. Light 
scattering of a particle layer with certain thickness depends on particle size, shape and refractive 
index of particles; this can be calculated approximately to some simple particle geometries. This is 
further discussed, when theories of light scattering of paper materials are introduced (Aaltonen, 
1983). 

It has been challenging to develop exact physical models of optical properties of paper materials or 
they have been mathematically very demanding to calculate. There are several so called 
phenomenal models that describe the effect of optical properties on diffuse reflection of material. 
These models include only rough and very simple estimates and assumptions of structure of 
material layer. Most common of these models is Kubleka-Munk-theory that has for a long time been 
sole theory since it has been proven to be very accurate. This model includes parameters describing 
light scattering and light absorption (Niskanen, 1998; Pauler, 2002). 

Multilayer model of Scallan-Borsch is particularly developed for simulation of optical properties of 
paper materials. Optical properties of each layer of multilayer structure are calculated and this is 
why parameters describing optical properties of paper material are more accurate than with 
Kubelka-Munk-theory. In principle, amount of layers can be unlimited. Mathematical calculation of 
Scallan-Borsch-model is complicated; this is why this model has not been used in paper technology 
(Norman, 1992; Niskanen, 1998). 



12 (265) 
 

 
Figure 4.4. Coefficient of light scattering and coefficient of light absorption in coordinate 

system and different pulps and pigments which are located in it (Aaltonen, 1983). 
 
5.1 Theories of light scattering of paper materials 
 
There are three types of light scattering depending on relation between diameter of round particle d 
interacting with incoming light and wavelength  of incoming light (Le Ru and Etchegoin, 2009; 
Holton et al. 2003). 
- If d << , Rayleigh-scattering is under consideration.  
- If d ≈ , Mie-scattering dominates.  
- If d >> , random (non-selective) irradiation is effecting. 
 
Differences of these three scattering types are shown in figure 5.1 (Le Ru and Etchegoin, 2009). 
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Figure 5.1. Different scattering types: a) Rayleigh-scattering scatters light to all directions. b) 
Mie-scattering scatters light mainly in direction of incoming beam. c) Random 
scattering depends on shape of scatterer (Le Ru and Etchegoin, 2009). 

5.1.1  Rayleigh-scattering 

Law of Rayleigh is represented on equation 5.1. 

4 kIS (5.1)

where IS intensity of scattered light, W m-2 

k coefficient, W m2 

 wavelength of incoming light, m. 

Rayleigh stated that intensity of scattered light is approximately inversely proportional to fourth 
power of wavelength of incoming beam. This is only valid if particle is smaller or equal to 
wavelength of incoming light. As equation 5.1 shows, short wavelengths scatter more than longer 
wavelengths. When particle size increases, Mie-scattering dominates (Aaltonen, 1983; Steen, 1991; 
Holton et al. 2003).  

Coefficient of light scattering to Rayleigh-scattering can be calculated as equation 5.2 shows 
(Seinfeld and Pandis, 2006). 
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 (5.2)

where kS coefficient of light scattering, - 
nS amount of scattering, - 
m refractive index of particle, - 
d diameter of particle, m. 
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Particle sizes of coating and filler particles used in paper technology are mainly in range of 
Rayleigh-scattering. Most of pigments have high refractive index, so amount of scattering increases 
as equation 5.2 shows, when amount of these pigments increases (Aaltonen, 1983; Pauler, 2002). 
 
5.1.2 Mie-scattering 
 
Mie has represented a theoretical model for light scattering caused by circular particles that are 
larger than wavelength of incoming light. For this purpose a term coefficient of efficiency is 
determined. It can be calculated as equation 5.3 shows (Jahnke, 2000). 
 

  
2rN

s
QSt 

     (5.3) 

 
where QSt coefficient of efficiency of light scattering,m-2 

 s coefficient of light scattering,- 
 N amount of particles in unit of volume,- 
 r radius of particles, m. 
  
Coefficient of efficiency determines capability of scattering of particles in relation to section and 
unit of area. (Aaltonen, 1983) Effect of radius of particles and refractive index of particles on 
intensity of light scattering are shown in figure 5.2 (Aaltonen, 1983).  
 

 
Figure 5.2. Effect of particle size and refractive index on capability of light scattering. m is 

refractive index (Aaltonen, 1983). 
 
Mie-scattering depends also on wavelength and refractive index. When wavelength of incoming 
light is approaching particle size, maximum value of light scattering is approached. This maximum 
depends on wavelength of incoming light. The maximum value of scattering increases, when 
refractive index of particles increases (Aaltonen, 1983; Steen, 1991). 
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Coating pigments and filler pigments and fines (very fine particles of wood fibres) of paper 
materials are in range of Mie-scattering. Still Mie- or Rayleigh-theories do not help in explaining 
optical behaviour of paper materials. They help estimating influence of pigment- and fine particles 
to optical properties of paper material (Aaltonen, 1983; Pauler, 2002). 

5.1.3 Random scattering 

When radius of particles is increasing, their capability to scatter light approaches constant value 
despite of refractive index of particles. When radius of particles is increasing much larger than 
wavelength of incoming light, dependency between refractive index and wavelength of incoming 
light is not valid any more. Random scattering is for example caused by water droplets and dust 
particles (Niskanen, 1998; Pauler, 2002). 

Most components of paper materials are much larger than wavelength of visible light, their shape is 
complex, they absorb wavelength of visible light and they are tightly packed into structure of paper. 
This makes estimation and simulation of optical properties of paper materials extremely difficult. 
These light scattering theories help in qualitative analysis of optical properties of paper materials 
(Niskanen, 1998; Pauler, 2002). 

5.2 Kubelka-Munk-theory 

Kubelka-Munk-theory is in centre stage, when optical properties of paper materials are described in 
paper technology. Reason for this is that this theory takes into account scattering properties and 
absorption properties of components of paper material. When these properties are known, optical 
properties of different paper materials can be fairly accurately estimated and calculated (Norman, 
1992). 

When Kubelka-Munk-theory is deduced, a plate-like layer with constant thickness is observed. 
This layer has so a large area (infinite) compared to thickness of layer that amount of light coming 
out from layer via edges can be neglected. Both scattering and absorption of layer depend on 
wavelength of incoming beam, so when considering Kubelka-Munk-theory, light falling to layer of 
material is assumed to be monochromatic i.e. light has only one wavelength. In addition to this, it is 
assumed that light falling to layer of material is all diffuse i.e. light energy in unit of time falling to 
each point of surface of layer is equal in all unit solid angle. Interesting note is that this is valid for 
laser beam, especially in focal point with good beam quality when slope of power distribution curve 
is high. Parameters that describe intensity of scattering and absorption of material are constant 
through the whole thickness of layer; material is uniform, even and homogeneous. It is also 
assumed that parameters are constant despite of direction of light is travelling through the material 
(Aaltonen, 1983; Norman, 1992). 

It is also presumed that material layer with thickness of X is put against background with reflectance 
factor R. This material layer is illuminated with intensity I; in that case intensity of reflected light 
is J (Niskanen, 1998; Pauler, 2002). Figure 5.3 represents the fundamental situation (Pauler, 2002). 
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Figure 5.3. Basic model of Kubelka-Munk-equations (Pauler, 2002). 
 
Reflectance factor R can be calculated as equation 5.4 shows. 
 

 
I

J
R       (5.4) 

 
To be able to deduce Kubelka-Munk-theory, it is observed how light is travelling in differential 
layer dx that is parallel to top and bottom surface and is in distance of x from bottom surface of 
material layer. This layer dx is illuminated with intensity i from top side of layer dx and with 
intensity j from bottom side of layer dx. Reflectance factor can be now calculated as equation 5.5 
shows.  

 
i

j
r       (5.5) 

 
Now equation 5.5 is derived with respect to x as equation 5.6 shows.  
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dddd

d

d

i

xijxji

x

r 
     (5.6) 

 
Part of light falling to differential layer dx is bended to direction of incidence, part is absorbed and 
part is transmitted through differential layer. These outcomes are described with coefficient of light 
scattering S and with coefficient of light absorption K (Aaltonen, 1983; Pauler, 2002). 
 
Coefficient of light scattering S is relative change of intensity of light that is falling to material layer 
caused by back reflection, when light is travelling through material layer. Coefficient of light 
absorption K is relative change of intensity of light that is falling to material layer caused by light 
absorption, when light is travelling through material layer (Aaltonen, 1983; Norman, 1992). 
 
When light travels through layer of dx, intensity i is decreased by the amount of Sidx because of 
light scattering and amount of Kidx because of light absorption. So intensity i is decreased by the 
amount of (S+K)idx and intensity j is decreased by the amount of (S+K)jdx. Intensity i is increased 
by the amount of jSdx and intensity j is increased by the amount of iSdx. In that case total changes 
represented in figure 5.3 can be calculated as equation 5.7 and 5.8 shows.  
 
 -dj =  -(S+K)idx + Sjdx    (5.7) 
 
  dj =  -(S+K)jdx + Sidx    (5.8) 
 
When equations 5.7 and 5.8 are substituted to equation 5.6, the outcome is equation 5.9.  



17 (265) 

drdx = [Srdx
2 – 2(S+K) rdx + S]dx (5.9)

Equation 5.9 indicates change of reflectance factor, when material layer with thickness of dx and 
with coefficient of light scattering S and coefficient of light absorption K is set on the surface that 
has reflectance factor rdx (Leskelä, 1997; Pauler, 2002). 

If thickness of material layer is marked with X and layer is on the background that has reflectance 
factor Rg, the outcome is reflectance factor, when equation 5.10 is integrated.  
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dx dx
SrKSSr

dr

0
2 2
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Value a shown in equation 5.11 can be calculated as equation 5.12 shows. 

S

KS
a


 (5.12)

X =  and Rg = Rr = R are marked to equation 5.11 and equation 5.12 is taken into account, then 
equation 5.13 is achieved.  
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 (5.13)

Intrinsic reflectance factor of material R depends only on relation between coefficient of light 
absorption and coefficient of light scattering (Aaltonen, 1983). 

Material thickness X is replaced in paper technology with amount of material through which light is 
travelling i.e. grammage mg. Coefficient of light scattering that is calculated on the basis of 
grammage is marked with s and correspondingly coefficient of light absorption is marked with k. 
This results following equation 5.14 and 5.15. 

SX = smg (5.14)

KX = kmg (5.15)

Unit of coefficient of light scattering and absorption is m2 g-1 (Aaltonen, 1983; Pauler, 2002). 

When reflectance factors R0 and R are taken into account, coefficient of light scattering can be 
calculated with help of equations 5.11 and 5.13 (see equation 5.16) (Leskelä, 1993; Leskelä, 1997; 
Pauler, 2002). 
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Correspondingly, coefficient of light absorption can be calculated with help of equations 5.11 and 
5.12 (see equation 5.17). 
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   (5.17) 

 
Transmission of paper material T or ratio of intensity of light transmitted through paper material to 
incoming intensity of light can be calculated as equation 5.18 represents.  
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RT    (5.18) 

 
Coefficient of light absorption and light scattering can be calculated for mixtures of chemical and 
mechanical pulp as equation 5.19 and 5.20 shows.  
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where iP pulp component, - 
 fi relative amount of pulp components in mixture, -   

si light scattering of pulp component i, m2 g-1  
 ki light absorption of pulp component i, m2 g-1. 
 
Correctness of Kubelka-Munk-theory is studied by comparing theoretical values of reflectance 
factor and measured values. It has concluded that Kubelka-Munk-theory does not totally describe 
what happens in reality but theory has been accurate enough for practical applications (Aaltonen, 
1983; Pauler, 2002). 
 
There are several reasons for these inaccuracies. Paper materials are not optically homogeneous in 
z-direction and this is one of the basic assumptions of Kubelka-Munk-theory. For example fines and 
filler particles are unevenly distributed in z-direction of paper material. Light scattering area, 
amount of discontinuity, refractive index, coefficient of light scattering and coefficient of light 
absorption are varying in different layers of paper material. This is reason for why s and k are not 
constant in z-direction of paper material. This is one of the basic assumptions of Kubelka-Munk-
theory. Especially surface of paper materials with high gloss (calendered or coated paper materials) 
is reflecting part of incoming light. This is not taken into account with Kubelka-Munk-theory 
(Leskelä, 1997). 
  
5.3 Multilayer model of Scallan-Borsch 
 
Scallan and Borsch have developed a model for multilayer structure that consists of parallel 
transparent layers. These layers are separate from each other so that there is narrow air gap between 
layers (Ojala, 1993b; Leskelä, 1997). Figure 5.4 represents basic situation of Scallan-Borsch-theory 
(Leskelä, 1997). 
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Figure 5.4. Basic situation of multilayer model of Scallan-Borsch (Leskelä, 1997). 

Reflectance factor R and transmittance T are needed as input data of model. These values are 
possible to calculate with help of coefficients s and k of Kubelka-Munk-equations. When these 
properties R1 and T1 of layer 1 are known, it is possible to calculate values of reflectance factor R2 
and transmittance T2 for layer 2, as equations 5.21 and 5.22 represents. 
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Correspondingly values of reflectance factor Rn and transmittance Tn for layer n are achieved with 
help of equations 5.23 and 5.24.  
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As mentioned this model is mathematically demanding and that is why multilayer model of Scallan-
Borsch is less frequently used in paper technology as Kubelka-Munk-theory (Ojala, 1993b; Leskelä, 
1997). 

B Absorption phenomena of interaction 

There are very few articles of laser absorption of paper materials (Hülbusch, 1991; Piili, 2009; Piili 
et al. 2009).  Still some overall data of light absorption of components of paper materials was found 
and they are introduced closely. Problem is that studies typically concentrate in wavelength range of 
visible light; only few of them take also wavelengths over 1 µm into consideration. To understand 
absorption phenomena some basic laws of light absorption are also discussed. Basic phenomena of 
light absorption of matter are introduced in appendix 4 (Parker, 1985; Wypych, 2008). 
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6 Effect of structure and consistency of paper material on optical properties of paper 

material  
 
6.1 Cellulose and its effect 
 
Figure 6.1 represents the light transmittance and absorbance properties of cellulose molecule. 
Figure 6.1 shows light transmittance and absorbance of cellulose molecule as function of 
wavenumber. Wavenumber is a wave property inversely related to wavelength, having SI units of 
reciprocal metres (m−1 or cm-1). Wavenumber is the spatial analog of frequency i.e. the 
measurement of the number of repeating units of a propagating wave (the number of times a wave 
has the same phase) per unit of space (Anon., 2011a). 
 

 
Figure 6.1. Light transmittance and absorbance of cellulose molecule as function of 

wavenumber (Anon., 2011a). 
 
As figure 6.1. shows maximum values of absorption of cellulose molecule are (Anon., 2011a): 
- in wavelength range of 2.86-2.94 µm (wavenumber range of 3400-3500 cm-1), 
- in wavelength range of 8.30-10.00 µm (wavenumber range of 1000-1200 cm-1) and 
-  in wavelength range, which is larger than 14.29 µm (smaller wavenumbers than 700 cm-1). 
 
Table 6.1 represents a comparison of refractive indices of raw materials of paper material 
(Aaltonen, 1983). 
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Table 6.1 Refractive indices of raw materials of paper materials (Aaltonen, 1983). 

Material Refractive index, -
Air 1.00

Cellulose 1.53
Clay (kaolin) 1.57 

Calcium carbonate CaCO3 1.61 
Titan dioxide 2.8 
Zinc dioxide 2.0 

6.2 Effect of fibre material 

6.2.1 Effect of mechanical pulp 

Mechanical pulp is made of wood by grinding or refining (mechanical treatment) wood or wood 
chips. Mechanical pulp contains all original wood components and contains fines (pieces of fibres). 
Mechanical pulp is used in paper materials to give bulk. Bulk means specific volume of paper 
material. The denser the paper is, the lower the bulk is. This property of paper material is required 
i.e. when high stiffness of material is needed. 

Absorption maximum of mechanical pulp is in wavelength range of 8.55-9.26 µm. This range is 
same with groundwood pulp and with refined mechanical pulp. When mechanical pulps are 
bleached, there is no absorption in wavelengths of 5.74 µm and 5.77 µm (Forsskål and Janson, 
1992). Figure 6.2 represents light absorption (k from Kubelka-Munk-equations) of different 
mechanical pulps as a function of wavenumber (Forsskål and Janson, 1992). 

As figure 6.2 illustrates, absorption maximum of mechanical pulp is in wavelength range of 8.55-
9.26 µm (wavenumber range of 1080-1170 cm-1). This is similar for ground wood and chemi-
mechanical pulp. Bleaching of pulp is visible in wavelength range of 5.71-6.25 µm (wavenumber 
range of 1600-1750 cm-1). Peroxide bleaching changes structure of carbonylic groups and this can 
be seen in wavelengths of 5.74 µm (wavenumber of 1740 cm-1, GW) and 5.77 µm (wavenumber of 
1734 cm-1, CMP). There is no absorption after bleaching, when these wavelengths are considered 
(Forsskål and Janson, 1992). 

6.2.2 Effect of chemical pulps 

Chemical pulp means pulp that is cooked from wood chips. Cooking is carried out in presence of 
chemical cooking agents. Chemical pulp contains mainly of cellulose and hemicellulose fibres. 
Chemical pulp enhances strength and printability properties of paper materials. Hardwood (birch, 
aspen etc.) fibres scatter light more than softwood (pine, spruce etc.) fibres. Hardwood fibres 
contain thinner fibre walls and they scatter light more than thick-wall softwood fibres (Niskanen, 
1998). Chemical pulp made of spruce has lowest light scattering coefficient while chemical pulp 
made of pine has slightly higher light scattering. Chemical pulp made of birch has highest light 
scattering coefficient (Aaltonen, 1983; Le Ru and Etchegoin, 2009). Figure 6.3 represents light 
scattering (s from Kubelka-Munk-equations) of different chemical pulps as a function of wall 
thickness of fibres (Niskanen, 1998). 

As it can be noticed from the figure 6.3, hardwood fibres scatter light more than softwood fibres. 
This is due to fact that hardwood fibres have thinner walls than softwood cells and this way light is 
scattered easier (Niskanen, 1998). Figure 6.4 shows light scattering (s from Kubelka-Munk-
equations) of some chemical pulps as function of beating energy (Aaltonen, 1983). 
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Figure 6.2. Light absorption (k from Kubelka-Munk-equations) of different mechanical pulps 

as a function of wavenumber. GW = ground wood, GWB = bleached ground 
wood, CMP = chemi-mechanical pulp, CMPB = bleached chemi-mechanical pulp 
(Forsskål and Janson, 1992). 
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Figure 6.3. Light scattering (s from Kubelka-Munk-equations) of different chemical pulps as 
a function of wall thickness of fibres (Niskanen, 1998). 

Figure 6.4. Light scattering (s from Kubelka-Munk-equations) of some chemical pulps as 
function of beating energy (Aaltonen, 1983). 

As it can be seen from figure 6.4, largest light scattering is with pine pulp. Spruce pulp has lowest 
value of light scattering and pine slightly larger than spruce. This is due to difference between wall 
thickness of softwood and hardwood fibres (Aaltonen, 1983). 
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6.2.3 Comparison of optical properties of chemical and mechanical pulps 
 
Mechanical pulps scatter light more than chemical pulps. This is because of amount and quality of 
fines that mechanical pulp contain. Mechanical pulps have also larger specific volume (bulk) and 
they have higher light scattering (Boutelje and Moldenius, 1982; Sundholm, 1999).Figure 6.5 shows 
light scattering (Kubelka-Munk) of different pulps as a function of freeness. Freeness is a measure 
used in paper technology of how quickly water is able to drain from a fibre furnish sample 
(Sundholm, 1999). 

 
 

Figure 6.5. Light scattering of different pulps as a function of freeness. TMP=thermo-
mechanical pulp, DIP=deinked pulp (Sundholm, 1999). 

  
As it can be noticed from figure 6.5, mechanical pulps scatter light more than chemical pulps. This 
is due to fact that mechanical pulps contain fines which amount and quality differs from those in 
chemical pulp. Mechanical pulps are manufactured by grinding or refining, when chemical pulps 
are manufactured by cooking and beating. This has strong effect on quality of fibres and to amount 
of fines. Fines of mechanical pine consist of parts of smashed fibres and shives. Fines of chemical 
pulp consist of parts of fibres that are dissolved to water. During drying of wet paper material, fines 
of mechanical pulp stay as whole and loose parts in fibre net structure, when fines of chemical pulp 
are pressed against fibres and form fibre bondings. This is why mechanical pulp has larger specific 
volume, which means higher light scattering compared to chemical pulp (Boutelje and Moldenius, 
1982; Sundholm, 1999). Figure 6.6 represents light scattering (Kubelka-Munk) and density of 
mixture of pulp that contains pressured ground wood PGW and bleached pulp as a function of 
fraction of pulp (Niskanen, 1998). 
 
As figure 6.6 shows, when amount of pulp is increased, light scattering of pulp mixture is 
decreasing. Reason for this is that mechanical pulp contains more fines that do scatter light 
(Niskanen, 1998). 
 
6.3 Effect of different paper material types 
 
Figure 6.7 illustrates effect of different paper material types (each with different moisture contents) 
on absorption of light with different wavelengths (Reinhold, 1984). 
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Figure 6.6. Light scattering (black squares) and density (white squares) of mixture of pulp 

that contains pressured groundwood PGW and bleached pulp as a function of 
fraction of pulp (Niskanen, 1998). 

 

 
Figure 6.7. Relative light absorption as function of wavelength with different paper materials 

(low moisture = 6 %, high moisture = 10 %) (Reinhold, 1984). 
 
Linerboard of corrugated board has highest absorption and printed magazine paper has smallest 
absorption as it can be seen from figure 6.7. Also paper materials with higher moisture content have 
higher absorption those with low moisture content (Reinhold, 1984). Figure 6.8 represents light 
transmittance properties of tissue paper as function of wavelength of light (Edgar and Hindle, 
1975). 



26 (265) 
 

 
Figure 6.8.  Light transmittance properties of tissue paper (grammage 20 g/m²) as function of 

wavelength of light (Edgar and Hindle, 1975). 
 
As it can be noticed from figure 6.8, tissue paper has minimum values of light transmittance in 
wavelengths of 1.94, 2.95 and 3.40 µm. Water (moisture in paper material) absorbs light in 
wavelengths of 1.94 and 2.95 µm. Carbon-hydrogen-bonds of cellulose molecules absorbs light in 
wavelength of 3.40 µm (Edgar and Hindle, 1975). 
 
6.4 Effect of fillers 
 
Fillers are used as raw materials of paper materials and they have a function of enhancing printing 
properties of paper material, like opacity, and to decrease the costs of raw material in paper material 
manufacturing. Fillers are usually mineral pigments, such as clay (kaolin), calcium carbonate and 
titanium dioxide, Titanium dioxide as a filler scatter light the most and clay (kaolin) the least. 
CaCO3 scatter light more than clay.  These differences can be explained by differences in refractive 
index. Fillers have small particle size and that is why they scatter light a lot (Niskanen, 1998), like 
shown in figure 6.9 in case of clay (kaolin) (Baker et al., 1989). 
 
As shown in figure 6.9, maximum values of reflectivity (and minimum values of transmittance) are 
in wavelength range of 2.75 µm and 8.00-11.00 µm. Figure 6.10 illustrates reflectivity of calcium 
carbonate as a function of wavelength (Baker et al., 1989). The values of reflectivity of calcium 
carbonate are (Baker et al., 1989): 
- in wavelengths of  3.50, 4.00, 5.80, 11 and 15 µm and 
- in wavelength range of 7.00-8.00 µm. 
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Figure 6.9. Relative reflectivity (a) and light transmittance (b) properties of clay as a function 

of wavelength (Baker et al., 1989). 
 

 
Figure 6.10. Relative reflectivity of calcium carbonate (Baker et al., 1989). 
 
6.5 Effect of coating 
 
Paper materials are coated by adding one or more very thin layer(s) of coating on top or bottom or 
both sides of paper materials. Coating usually consists of water, mineral pigments, such as clay, 
CaCO3, etc. and additives. Also plastic pigments can be used. Purpose of this coating is to enhance 
printability and visual appearance of paper material. Coating of paper materials increase the gloss of 
paper materials and light scattering of paper increases (Anon., 2011a; Lampinen and Ojala, 1993). 
Figure 6.11 shows spectral properties of clay coated LWC (light weight coated, magazine paper) 
paper, when grammage of base paper is 42.5 g m-2 and grammage of coating is 12.7 g m-2 (Heikkilä, 
1993). 
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Figure 6.11. Spectral properties of LWC paper, when grammage of base paper is 42.5 g m-2 

and grammage of coating 12.7 g m-2 (Heikkilä, 1993). 
 
As figure 6.11 demonstrates, there is almost no absorption, when wavelength of light is shorter than 
2 µm. In this wavelength range, 70-80 % of light reflects and 20 % transmits through paper 
material. Maximum values of absorption are in wavelength range of 2.50-4.00 µm and over 6 µm. 
Reflectivity of light is increased in wavelength range of 8.00-10.00 µm (Heikkilä, 1993). Moisture 
content of coating increases light absorption of light (Koski et al., 1991, Lehtinen, 2000). 
 
Intensity of light scattered from uncoated and coated paper material is shown in figure 6.12, when 
angle of incoming light was varied. Grammage of paper is 50 g m-2 and wavelength used is 632.8 
nm. Thickness of coating is 25 µm (Lampinen and Ojala, 1993). 
 

a)  
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b)  
 
Figure 6.12. Intensity of light scattered from a) uncoated and b) coated paper material as a 

function of angle of incidence of light. Grammage of paper is 50 g m-2, thickness 
of coating 25 µm and wavelength used 632.8 nm (Lampinen and Ojala, 1993). 

 
As it can be observed from figure 6.12, coating enhances gloss of paper, when light scattering is 
increasing. Gloss is a wanted property especially with printing paper due to better quality of printed 
colours. Light scattering is strong, when angle of incidence of light is between 16-60˚ (Ojala, 
1993b; Lampinen and Ojala, 1993). Figure 6.13 shows light scattering and reflectance of pure 
coating pigment layer as a function of wavelength, when dry weight of layer is 11.6 g m-2 and 
moisture content of pigment layer is 6 % and 20 % (Ojala, 1993b). 
 

a)  
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b)  
 
Figure 6.13. a) Absorption and b) reflectance of pure pigment coating layer, when dry weight 

of layer is 11.6 g m-2 and moisture content 6 % and 20 %, r = reflectance (Ojala, 
1993b). 

 
As it can be noticed from figure 6.13, moisture content increases light absorption of pigment layer. 
Absorption maximum of pigment coating layer is in wavelength range of 2.80-3.25 µm and 9.00-
10.00 µm. On the other hand coating scatters light strongly, when wavelength is over 10 µm (Koski 
et al., 1991; Ojala, 1993b; Lehtinen, 2000). 
 
6.6 Effect of moisture content 
 
Figure 6.14 represents light transmittance, reflectivity and absorption curves as a function of 
wavelength for paper material with dry grammage of 41.1 g m-2 and moisture content of 6-100 % 
(Lampinen and Ojala, 1992). 
 

a)  
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b)  

c)  
 
Figure 6.14. a) Light transmittance, b) reflectivity and c) absorption curves for paper material 

with dry grammage of 41 g m-2 and moisture content of 6-100 %, t = 
transmittance, r = reflectance, a= absorbance (Lampinen and Ojala, 1992). 

 
As it can be seen from figure 6.14, paper material, which grammage is 41.1 g m-2 and moisture 
content 6 %, has minimum values of transmittance (and maximum values of light absorbance) in 
wavelength ranges of 2.80-3.50 µm and 6.00-17.00 µm. Minimum values of light reflectance are in 
wavelength ranges of 2.80-3.25 µm and 6.50-17.00 µm. Minimum values of absorbance are in 
wavelength ranges of 4.25-5.50 µm. Absorption has its minimum close to wavelength of 1 µm.  
 
Moisture content of paper material increases strongly light transmittance in wavelength range of 
1.00-2.80 µm and decreases reflectivity in wavelength range 2.80-17 µm (Lampinen and Ojala, 
1992; Ojala, 1993b; Heikkilä, 1993). Figure 6.15 illustrates light transmittance properties of a 
newspaper with grammage of 76.5 g m-2 as a function of moisture content of newspaper. Figure 
6.15 represents how paper material gets wet (Ojala, 1993b). 
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Figure 6.15. Light transmittance of newspaper with grammage of 76.5 g m-2 as a function of 

moisture content and principle of how paper material gets wet (Ojala, 1993b). 
 
As figure 6.15 shows, in zone I water molecules form so thin layer in surface of fibres that it does 
not have any effect light scattering. Absorption is increased slightly and transmittance of light 
reduced. In zone II water effects remarkably to increase of light transmittance. Light scattering is 
increased, when amount of optical boundaries is increased. In boundary line B pores of paper are 
almost filled with water, when light scattering is decreasing as amount of air-water-boundaries are 
decreasing. In zone III light scattering is decreasing and due to higher water content absorption of 
light is increased. In zone IV there are no air pores left and water covers the whole thickness of 
paper. In this zone light transmittance is staying constant (Roth, 1986; Lampinen and Ojala, 1992; 
Ojala, 1993b). 
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6.7 Effect of material thickness  
 
Figure 6.16 represents light transmittance, reflectance and absorption properties as function of 
wavelength of paper material with grammages of 41, 82, 123, 164 and 206 g m-2 (Ojala, 1993b). 
 
Paper material has minimum values of light transmittance in wavelength range of 2.80-3.50 µm as 
figure 6.16 illustrates. Maximum values of absorbance are in wavelength range of 3.00-3.70 µm. 
Interesting note is that reflectivity of paper material increases as material grammage increases. This 
is due to internal reflection inside the paper material (Ojala, 1993b; Lampinen and Ojala, 1993). 
 
6.8 Effect of ink layer  
 
Acher, Enguehard et al. made a study with laser cutting by using diode laser. They studied optical 
properties of paper material in wavelength range of 300-1500 nm for uninked paper and inked paper 
(black and IR ink). They performed study with a spectrophotometer in the 300 to 1500 nm range. 
Results are presented on figure 6.17 (Archer et al., 2005).  
 
It can be observed from figure 6.17 that the white paper absorbs less than 5 % of the visible and 
NIR light. About 80 % of the light is reflected and 20 % is transmitted. The black marker ink allows 
90 % or more absorption. The invisible IR ink allows about 80 % of absorption at the wavelength of 
the laser and leaves only a very light pale green appearance (Archer et al., 2005). 
 
C Thermo-chemical phenomena of interaction  
 
To understand what happens in interaction between laser beam and paper materials, it also 
important to understand what happens to paper material in high temperatures. Some chemical 
changes of paper material components that occur in high temperatures are introduced. They give an 
idea of the thermal characteristics of laser processing of paper materials. Appendix 5 introduces 
definition of enthalpy and latent heat (Parker, 1985; Bäuerle, 2000; Green and Perry, 2008). 
 
7 Quantities to describe thermo-chemical properties of interaction of paper 

materials and laser beam 
 
7.1 Heat of fusion 
 
The enthalpy of fusion ΔHfus or the heat of fusion or specific melting heat is the amount of thermal 
energy, which must be absorbed or evolved for 1 mole of a substance to change states from a solid 
to a liquid or vice versa. It is also called the latent heat of fusion or the enthalpy change of fusion 
and the temperature at which it occurs is called the melting point. The unit of heat of fusion is J 
mol-1 or J g-1 (Green and Perry, 2008). 
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 a)  

b)  

c)  
 
Figure 6.16. a) Light transmittance, b) reflectance and c) absorbance as function of 

wavelength, when paper materials with grammages of 41 (1x), 82 (2x), 123 (3x), 
164 (4x) and 206 (5x) g m-2 were considered (Ojala, 1993b). 
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Figure 6.17. Absorbance spectra of white paper, not inked (bottom curve), inked with infrared 

absorbing ink (middle curve) and inked with black marker ink (top curve) (Archer 
et al., 2005). 

 
Heat of fusion of  
- paper is 10-70 J g-1 (Washburn, 2003), 
- cellulose is 50-100 J g-1 (Washburn, 2003), 
- clay (kaolin) is 60.7 J g-1 (Adams, 1978) and 
- CaCO3 is J g-1 (Washburn, 2003). 
 
Melting point of  
- cellulose is >250°C (Washburn, 2003) and 
- CaCO3 is 1389°C (Washburn, 2003). 
 
7.2 Heat of vaporization 
 
The enthalpy of vaporization ΔHv, also known as the heat of vaporization or heat of evaporation, is 
the energy required to transform a given quantity of a substance into a gas. It is measured at the 
boiling point of the substance. When mechanism of paper material laser processing is mostly 
vaporization, energy consumption of laser processing is determined by heat of vaporization of paper 
material (Peters and Banas, 1977). The unit of heat of vaporisation is J mol-1 or J g-1 (Crawford, 
1981). 
 
Heat of vaporization of  
- cellulose is 538 J g-1 (Milosavljevic, 1996).  
 
8 Thermo-chemical interaction of paper materials and laser beam 
 
Because interaction between laser beam and paper material, especially when high energy densities 
are used, has thermal characteristics, it is important to understand, what happens in high 
temperatures to components of paper material.  
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8.1 Behaviour of cellulose molecule in high temperatures 
 
8.1.1 Structure of cellulose molecule 
 
Cellulose is the most extensively used natural polymer. Especially there is an interest to find out, 
what chemical reactions occur in different atmospheres and what by-products are formed in such a 
high temperatures. This provides one aspect to understand, what are thermo-chemical phenomena 
occurring during interaction of laser beam and paper material. Cellulose (C6H10O5)n is a long-chain 
polymer polysaccharide carbohydrate, as figure 8.1 shows. It forms the primary structural 
component of plants. Cellulose is a common material in plant cell walls and it occurs naturally in 
almost pure form only in cotton fibre. It is found in all plant material in combination with lignin and 
hemicelluloses (Crawford, 1981). 
 
Cellulose monomers (C6H10O5, beta-glucose) are linked together through 1, 4-glycosidic bonds by 
condensation. Cellulose is a straight chain and no coiling occurs. In micro fibrils, the multiple 
hydroxide groups are bonded with hydrogen bonds with each other. This way molecule can hold the 
chains together and contributing to their high tensile strength. This strength is important in cell 
walls, where they are meshed into a carbohydrate matrix, helping keep plants rigid (Chaplin, 2011; 
Goyal, 2011). 

 
Figure 8.1. Structure of cellulose molecule (Chaplin, 2011). 
 
8.1.2 Pyrolysis of cellulose  
 
Pyrolysis is defined as chemical change of a non-volatile compound to a volatile decomposition 
compound induced in organic materials by heat in the absence of oxygen. Analysis method for 
pyrolysis is introduced in appendix 3 (Meier and Faix, 1992; Camino et al., 1995; Alén et al., 1996; 
Anon., 2006a; Anon, 2006b; Anon, 2009a; Anon., 2009b). In practice, it is not possible to achieve a 
completely oxygen-free atmosphere; actual pyrolytic systems are operated with less than 
stoichiometric quantities of oxygen. Because some oxygen will be present in any pyrolytic system, 
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nominal oxidation will occur. If volatile or semi volatile materials are present in the waste, thermal 
desorption will also occur (Meier and Faix, 1992). 
 
Basic reaction of cellulose pyrolysis is shown in equation 8.1. 
 

3 C6H10O5  8 H2O + C6H8O + 2 CO + 2 CO2 + CH4 + H2 + 7 C  (8.1) 
 
Pyrolysis products of cellulose are for example (Nowakowski, 2002): 
- volatile compounds (COx, methanol, acetaldehyde, glycol aldehyde, acetic acid, formic acid 

and C5-hydrocarbons) 
- anhydro sugars (levoglucosan) 
- dinanhydroglucopyranose 
- furans (furan-3-on, furfurale and 5-hydroxmethylfurfurale) 
- other (pyranes). 
 
There exists two mechanisms in cellulose pyrolysis (see figure 8.2) (Nowakowski, 2002). 
 

 
Figure 8.2. Pathways for cellulose pyrolysis (Nowakowski, 2002). 
 
The pathway of dehydration occurs at lower temperatures (250-300ºC) and at low heating rates 
resulting char, tar and other products of dehydration. The pathway of depolymerisation is present in 
high temperatures (450-600ºC) and at fast heating rates and results combustible volatiles and char 
(Nowakowski, 2002). 
 
8.1.3 Thermal decomposition of cellulose  
 
Inert atmosphere 
 
In figure 8.3 there is shown thermogravimetries (TGs) of cellulose at heating rates 10ºC min-1 
(figure 6a) and 25ºC min-1 (figure 6b), when nitrogen atmosphere is used. Appendix 3 introduces 
analysis method procedure for TGs. These thermogravimetries show the weight loss as a function of 
temperature (Camino, 1995). 
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a)  b)  
 
Figure 8.3. Thermogravimetries of cellulose with heating rate of a) 10ºC min-1 and b) 25ºC 

min-1 in nitrogen atmosphere (Camino, 1995). 
 
As it can be seen from figure 8.3, small weight loss occurs in temperature of 50-70ºC and that is due 
to moisture loss. The maximum rate of weight loss of cellulose lies in temperature of 331-332ºC at 
low heating rate and 299ºC at high heating rate. It can be concluded that thermal stability of 
cellulose is more unstable, when heating rate is slow. This can be explained by two overlapping 
decomposition processes of cellulose that exists in temperature of 300ºC; evolution of carbon 
dioxides and evolution of hydrocarbons (Camino, 1995; Ashwanu and Müller, 1999).  
 
Air-like atmosphere 
 
In figure 8.4 there is represented a thermogravimetry (TG) of cellulose at heating rates 10ºC/min, 
when air-like atmosphere is used (Camino, 1995). As it can be seen from figure 8.4, main step of 
weight loss of cellulose is at temperature range of 270-340ºC. The maximum rate of weight loss of 
cellulose lies in temperature of 317ºC.  
 
The presence of air causes the char yield of cellulose to be higher than in nitrogen atmosphere; at 
temperature of 350ºC that is 13 %. Char from cellulose oxidises slowly to volatile products at 
temperature range of 350-520ºC (Camino, 1995; Ashwanu and Müller, 1999). Figure 8.5 represents 
a DSC curve of cellulose in air-like atmosphere with heating rate of 10ºC min-1 (Camino, 1995). 
 
As it can be seen from figure 8.3 and 8.5, DSC curves in nitrogen and in air are different. There is a 
weak endotherm at 322ºC caused by depolymerisation and evaporation of degradation products (as 
it was in nitrogen atmosphere). That is followed in air by strong exotherm at temperature of 343ºC 
due to charring and oxidation of products of thermal decomposition of cellulose. A second 
exotherm is observed at temperature 495ºC and that one is caused by oxidation of char (Camino, 
1995, Ashwanu and Müller, 1999). 
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Figure 8.4. Thermogravimetry of cellulose with heating rate of 10ºC min-1 in air-like 

atmosphere (Camino, 1995). 
 

 
Figure 8.5. DSC curve of cellulose with heating rate of 10ºC min-1 in air-like atmosphere 

(Camino, 1995). 
 
Vacuum atmosphere 
 
There is shown TVA curve of cellulose at heating rates 10ºC min-1 in figure 8.6, when vacuum (10-

3-10-4 mm Hg) is used (Camino, 1995). 
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Figure 8.6. TVA curve of cellulose with heating rate of 10ºC min-1 in vacuum (10-3-10-4 mm 

Hg) (Camino, 1995). 
 
As it can be seen from figure 8.6, there are three steps of gas evolution of cellulose: 
- evolution of absorbed water at 50-140ºC 
- main step of gas evolution at 160-400ºC 
- high temperature volatilisation at 400-600ºC.  
 
It can be noted also that stability of cellulose sample is lower in vacuum than in nitrogen. This may 
be due to more efficient removal of light volatile product of degradation (H2O etc.) (Camino, 1995). 
 
8.1.4 Products of thermal decomposition 
 
Gases 
 
Figure 8.7 shows the relative content of furanic and carbonylic compounds evolved under vacuum 
in TVA of cellulose. Water and carbon dioxide are main gaseous products of decomposition of 
cellulose (Camino, 1995). 
 

 
Figure 8.7. Furanic and carbonylic compounds in gases evolved under vacuum in TVA of 

cellulose (Camino, 1995). 
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As it can be seen from figure 8.7, furans and carbonyl derivatives are the major gaseous degradation 
products. Alcohols, acids, aromatic and aliphatic hydrocarbons are minor products. Table 8.1 shows 
gaseous decomposition products of cellulose pyrolysis formed, when cellulose is heated slowly 
from temperature 155ºC to 900ºC (Nowakowski, 2002). 
 
Table 8.1 Gaseous decomposition products of cellulose (HCs = hydrocarbons) 

(Nowakowski, 2002). 
 

Decomposition process Temperature, ºC
H2, 

mol %
CO, 

mol %
CO2,    mol % 

HCs, 
mol %

Elimination of water 155-200 0 30.5 68 2 
Evolution of carbon oxides 200-280 0.2 30.5 66.5 3.3 

Start of hydrocarbon evolution 280-380 5.5 20.5 35.5 36.6 
Evolution of hydrocarbons 380-500 7.5 12.3 31.5 48.7 

Dissociation 500-700 48.7 24.5 12.2 20.4 
Evolution of hydrogen 700-900 80.7 9.6 0.4 8.7 

 
High boiling products 
 
Table 8.2 shows the amount of solid residue, high boiling products and gases produced at different 
temperatures throughout the main step of thermal decomposition of cellulose (Camino, 1995). 
 
Table 8.2 Percent ratio of solid residues, high boiling products and gases produced in main 

step of thermal decomposition of cellulose under vacuum (Camino, 1995). 
 

T, ºC Solid residue High boiling products Gases
250 69 22 9 

275 32 47 21 
325 14 53 33 
420 4 58 38 

 
In figure 8.8 there are shown infrared (FTIR, Fourier Transformation Infrared Spectroscopy) spectra 
of cellulose (Camino, 1995). 
 
As it can be seen from figure 8.8, infrared spectra of high boiling products of cellulose are similar to 
infrared spectra of levoglucosan. Similar absorption peaks of these spectra are at following 
wavelength (Camino, 1995): 
- 3.0-3.1 µm (wavenumber 3350-3270 cm-1) 

- OH stretching 
- 3.4 µm (wavenumber 2915-2900 cm-1)  

- CH stretching 
- 7.1-7.2 µm (wavenumber 1395-1405 cm-1)  

- CH formation 
- 8.8 µm (wavenumber 1130-1140 cm-1)  

- C-OC stretching 
- 9.5-9.6 µm (wavenumber 1040-1050 cm-1)  

- C-OH stretching 
- 11.6-11.7 µm (wavenumber 855-865 cm-1).  

- CH bending. 
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Figure 8.8. FTIR (Fourier Transformation Infrared Spectroscopy) spectra of high boiling 

products from cellulose and spectrum of levoglucosan (Camino, 1995). 
 
Solid products 
 
Figure 8.9 shows infrared spectra of cellulose in various temperatures (Camino, 1995). 
 
Main absorption peaks of pure cellulose at room temperature are following wavelengths as it can be 
seen from figure 8.9 (Jain et al., 1982): 
- 3.0 µm (wavenumber 3347 cm-1)  

- OH, hydrogen bonded 
- 3.4 µm (wavenumber 2901 cm-1)  

- CH group 
- 6.1 µm (wavenumber 1637 cm-1)  

- OH, absorbed water 
-  7.0 µm (wavenumber 1428 cm-1)  

- CH2  
-  7.3 µm (wavenumber 1377 cm-1)  

- CH, bending 
- 7.6 µm (wavenumber 1320 cm-1)  

- C-OH, bending 
- 8.6 µm (wavenumber 1167 cm-1)  

- Glucopyranose ring 
- 8.8-10 µm (wavenumber 1130-1000 cm-1)  

- OH 
- 11.2 µm (wavenumber 894 cm-1). 

- CH 
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Figure 8.9. FTIR of cellulose in different temperatures (Camino, 1995). 
 
As it can be seen from figure 8.9, infrared spectra solid residue at temperature of 250ºC is similar to 
virgin cellulose, but from table 8.2 it can be seen that weight loss of 31 % occurs. A new band of 
wavelength 5.78 µm (wavenumber 1730 cm-1) in infrared spectra is due to appearance of carbonyl 
functionalities. 
 
From figure 8.9 it can be also noted that the intensity of absorption peaks of glucosidic structure 
(wavelength range of 8.3-11.1 µm; wavenumber range of 1200-900 cm-1) decrease with heating and 
complete disappearance of glucosidic structure is observed at 325ºC (14 % of solid residue 
remains). At the same time there is an increase in intensity of absorption peak of double bond 
(wavelength range of 6.11-6.20 µm; wavenumber range of 1637-1612 cm-1) and carbonyl 
(wavelength range of 5.78-5.86 µm; wavenumber range of 1730-1707 cm-1).  
 
It can also be concluded from figure 8.9 that aliphatic structure (wavelength range of 3.33-3.57 µm; 
wavenumber range of 3000-2800 cm-1 and wavelength 6.94 µm; wavenumber 1440 cm-1) appears, 
when cellulose is heated to temperature of 325ºC. A cross linked unsaturated aliphatic-carbonylic 
structure is formed and that has a function as precursor of char. A new wavelength 6.59 µm; 
wavenumber 1517 cm-1 (aromatic semicircle stretching) appears at temperature 550ºC and intensity 
of aliphatic absorptions decreases. This is due to carbonisation and formation of thermostable char 
(Jain et al., 1982; Camino, 1995). 
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8.2 Behaviour of paper materials in high temperatures 
 
8.2.1 Ignition point of paper materials 
    
When firing point of paper materials is considered, two terms has to be defined: temperature of 
ignition and temperature of flashing. Temperature of ignition is the lowest temperature in which 
heated material is igniting with assist of heat achieved through oxidation (so ignition happens 
without external energy of ignition). Temperature of flashing is lowest temperature in which gas 
that is released from heated material is flashed with external energy of ignition (so gas has achieved 
its combustion limit) (Knight and Thomas, 2003). Bøhmer (Bøhmer, 2002) says that ignition 
temperature of paper is 450ºC and temperature of flashing 350ºC. Ramsay and Richardson (Ramsay 
and Richardson, 1992) and Ainsworth (Ainsworth, 1978) estimated that temperature in focal point 
of laser beam is 1600-2000ºC, when laser cutting of paper material is performed. This temperature 
is much higher than ignition temperature of paper material (Ainsworth, 1978; Ramsay and 
Richardson, 1992; Bøhmer, 2002). 
 
8.2.2 Combustion products of paper materials    
 
Combustion temperature of paper materials has strong effect on combustion products. In 
temperature range of 400-500ºC carbon monoxide, methane and different hydrocarbons are formed 
(Taskinen, 1992). Figure 8.10 shows combustion products of different paper materials (Taskinen, 
1992; Heikkilä, 2005). 

 
Figure 8.10. Combustion products of different paper materials (Heikkilä, 2005). 
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8.2.3 Chemical analysis of volatile compounds of laser cut paper materials    
 
Heikkilä (Heikkilä, 2005) and Malmberg et al. (Malmberg et al., 2006) introduced a study that 
concentrated in defining a reason for odour production during laser cutting of paper materials and 
which compounds causes odour and how it could be prevented. When considering of food 
packaging boards, odour and taint properties of them are very important and very strict. There is no 
possibility that package could cause odour to food, like milk or chocolate. That is why they are 
important properties of food packaging materials. All odour causing chemical compounds are 
volatile. 
 
Some terms of paper technology are introduced in appendix 1. Cutting parameters for samples used 
in this study were as table 8.3 shows (Malmberg et al., 2006). 
 
Table 8.3 Cutting parameters of odour analysis samples (Malmberg et al., 2006). 
 

ID Board Type Coating 
Focal plane 

position, mm

Laser 
power, 

W 

Cutting 
speed, m 

min-1 

Cutting gas 

N2 O2 CO2 
Compressed 

air 

1 
Uncoated liquid 

packaging board (CTMP 
in middle layer) 250 g m-2 

- 0.3 74 52.00 x x x x 

2 
PE-coated solid board  

250 g m-2 
Bottom: 

PE 
0 74 55.78 x x x x 

 
The effect of laser cutting and further effect of cutting gas was analysed also mechanically cut 
reference samples were tested and their odour properties were compared to laser cut samples. In this 
study (Malmberg et al., 2006), samples were 6 mm * 40 mm squares, 180 samples were cut from 
A4 sheet. After cutting samples were collected and put to aluminium foil package. Samples cut with 
different cutting gases were compared with reference samples. Cutting gases O2, CO2 and 
compressed air were also compared with cutting gas N2. 
 
In table 8.4 and table 8.5 (and respectively in figures 8.11 and 8.12) the amounts of selected 
compounds can be seen, when uncoated liquid packaging board and PE-coated solid board were 
laser cut with different cutting gases. It should be noted that amounts showed in table evaporated 
during the first analysis. For each sample there are at least three analyses. The amount of selected 
compounds decreased during analysis. Numbers shown in tables 8.3 and 8.4 are comparable with 
each other. All-inclusive quantisation was not made (Malmberg et al., 2006). 
 
Table 8.4 Amounts of selected compounds, when uncoated liquid packaging board was laser 

cut with different cutting gases. (µg g-1 reveals the amount of volatile gas released 
from 1 g of sample) (Malmberg et al., 2006). 

 

Compound 
Cutting gas 

Reference N2 O2 CO2 Compressed air 
Furan, µg/g 0.0027 0.0245 0.0198 0.0212 0.0167 

Toluene, µg/g 0.0090 0.0055 0.0055 0.0067 0.0036 
Hexanal, µg/g 0.0006 0.0027 0.0021 0.0029 0.0018 

Ethyl benzene, µg/g 0.0006 0.0004 0.0004 0.0005 0.0002 
m-/p-xylene, µg/g 0.0020 0.0014 0.0014 0.0016 0.0008 
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Figure 8.11. Amounts of selected compounds, when uncoated liquid packaging board was laser 

cut with different cutting gases (Malmberg et al., 2006). 
 
Table 8.5 Amounts of selected compounds, when PE-coated solid board was laser cut with 

different cutting gases. (µg g-1 reveals the amount of volatile gas released from 1 g 
of sample) (Malmberg et al., 2006). 

 

Compound 
Cutting gas 

Reference N2 O2 CO2 Compressed air 
Furan, µg g-1 Not pure 0.0032 0.0032 0.0036 0.0033 

Toluene, µg g-1 0.0019 0.0022 0.0044 0.0059 0.0026 
Hexanal, µg g-1 0.0046 0.0030 0.0036 0.0045 0.0036 

Ethyl benzene, µg g-1 0.0002 0.0006 0.0015 0.0010 0.0012 
m-/p-xylene, µg g-1 0.0013 0.0042 0.0094 0.0110 0.0068 

 
Figure 8.12. Amounts of selected compounds, when PE-coated solid board was laser cut with 

different cutting gases (Malmberg et al., 2006). 
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Odorous compounds represented in table 8.4 and 8.5 and figures 8.11 and 8.12 odour descriptions 
are shown in table 8.6. (Malmberg et al., 2006). As it can be seen from table 8.3 the amount of furan 
increased due to the laser cutting. From table 8.5. can be seen that the amounts of ethyl benzene and 
m-/p-xylene are also increased due to the laser cutting (Malmberg et al., 2006). Alkylbenzenes (for 
example ethyl benzene and m-/p-xylene) are also lignin pyrolysis products (Alén et al., 1996). 
When overall odours of boards cut with different gases were compared, the overall odour of board 
cut with O2 was milder than the overall odours of N2 and CO2 (Malmberg et al., 2006). 
 
Table 8.6 Description of odour of compounds mentioned in tables 8.3. and 8.4. (Malmberg 

et al., 2006). 
Compound Odour description 

Furan Bread 
Toluene Solvent, wax cloth
Hexanal Grass 

Ethyl benzene Solvent 
m-/p-xylene Solvent 

 
From laser cut samples more odorous compounds were found than from reference samples. In laser 
cut samples there were for example 3-furaldehyde and furfural as difference to reference samples. 
Some odorous compounds that were found in both reference and laser cut samples were in higher 
concentrations in laser cut samples (Malmberg et al., 2006). 
 
D Thermo-physical phenomena of interaction 
 
To understand how heat energy acts in laser processing of paper materials, some quantities that 
describe thermo-physics are introduced and correspondingly some numerical data of quantities are 
introduced. 
 
9 Quantities to describe thermo-physical properties of interaction of paper materials 

and laser beam 
 
9.1 Amount of heat  
 
Heat (amount of heat) or heat energy Q means the sum of kinetic energy of all molecules that a 
system includes (Green and Perry, 2008). 
 
9.2 Heat capacity and specific heat capacity  
 
Heat capacity C describes how much heat energy is bound to object per temperature difference. It 
can be calculated as equation 9.1 shows (Green and Perry, 2008). 
 

  
T  

 Q
  C  


     (9.1) 

 
where C heat capacity, J K-1 
 Q amount of heat, J 

T change in temperature, K. 
 
Specific heat capacity c describes how much heat energy is bound to object per temperature 
difference and per mass. This depends on type of material and mass of material. Specific heat 
capacity can be calculated as equation 9.2 shows (Green and Perry, 2008). 
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 m  T 

Q  
  c  

 


     (9.2) 

 
where c specific heat capacity, J K-1 kg-1 
 Q change in amount of heat, J 

T change in temperature, K 
m mass, kg. 

 
Specific heat capacity depends on temperature and is very different with different phases of material 
(Steen, 1991; Leskelä, 1993).  
   
Specific heat capacity of  
- paper is 1500 J K-1 kg-1 (Archer et al., 2005), 

- newsprint is 2893 J K-1 kg-1 (Kawamizu et al., 2009), 
- fine paper is 2893 J K-1 kg-1 (Kawamizu et al., 2009), 

- cellulose is 1266 J K-1 kg-1 (Brandrup et al., 2005), 
- clay (kaolin) is 940 J K-1 kg-1 (Avallone et al., 1996) and 
- CaCO3 is 900 J K-1 kg-1 (Avallone et al., 1996). 
 
9.3 Thermal conductivity 
 
Thermal conductivity is a property of a material that indicates its ability to conduct heat. When one 
unit of area is observed and heat flow is going through it, it is noticed that heat flow rate is 
proportional to area and thermal gradient as equation 9.3 shows (Green and Perry, 2008)  
 

 
z

T  
  A      

t  

Q  

d

d

d

d      (9.3) 

 

where 
t

Q

d

d
 heat flow rate, J s-1  

 λ thermal conductivity, J s-1 K-1 m-1 

 A area, m2 

z

T

d

d
 thermal gradient (= temperature difference per unit length), K m-1. 

Thermal conductivity can be calculated as equation 9.4 shows. 
 

z

T  
A  

t  

Q  

      

d

d
d

d

     (9.4) 

 
Unit of thermal conductivity is J s-1 K-1 m-1 or W K-1 m-1 (Leskelä, 1993; Meier and Faix, 1992). 
 
Thermal conductivity of 
- paper is 0.064 W K-1 m-1 (Avallone et al., 1996), 

- newsprint is 0.456 W K-1 m-1 (Kawamizu et al., 2009), 
- fine paper is 0.456 W K-1 m-1 (Kawamizu et al., 2009), 

- cellulose is 0.057 W K-1 m-1 (Brandrup et al., 2005), 
- clay (kaolin) is 0.102 W K-1 m-1 (Avallone et al., 1996) and 
- CaCO3 is 1.88 W K-1 m-1 (Avallone et al., 1996).  
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E Energy balance of interaction  
 
When considering processes, like laser cutting, due to their characteristics energy balance models 
introduces an overall aspect to whole process. They introduce data of what are the factors affecting 
the whole process. 
 
10 Quantities to describe energy balance properties of interaction of paper materials 

and laser beam 
 
10.1 Heat input 
 
Heat input describes the amount of heat that is transported into top surface of work piece to attain 
good quality laser cutting. Heat input can be expressed as heat input per cut length (J m-1) or heat 
input per mass of evaporated paper material (J g-1). Heat input per cut length can be calculated as 
equation 10.1 shows (Lukkari, 1998; Malmberg et al., 2006). 
 

 
v

 P 
  Q        (10.1) 

 
where Q heat input, J m-1 

 P laser power needed for successful cutting, W 
 v cutting speed, m s-1. 
 
This value describes how much energy (in joules) is needed to cut 1 m of material. It has to be 
noted that sample thickness or cut kerf width is not included in this value (Lukkari, 1998; 
Malmberg et al., 2006). 
 
Heat input per mass of evaporated material can be calculated as equation 10.2 represents 
(Malmberg et al., 2006). 
 

v A ρ

 P 
  Q       (10.2) 

 
where A cross-sectional area of cut kerf, A 

ρ  density of paper material, g m-3. 
 
10.2 Fluence 
 
Fluence is defined as units of energy that intersect a unit area. In particular, it is used to describe the 
strength of a radiation field, in which case the unit used is J m-2. It can be calculated as equation 
10.3 shows (Bäuerle, 2000). 
 

 
dA

E
f       (10.3) 

 

where f  fluence of radiation, J m-2 

 E amount of energy, J 
 dA unit of area E hits, m2. 
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In laser technology, fluence is calculated as equation 44 shows (Archer et al., 2005). 
   
 Fluence (J m-2) = laser pulse energy (J) / focal point area (m2)  (44) 
 
11 Effect of fluence in laser interaction with paper material 
 
11.1 XeCl excimer laser (308 nm) and 2nd harmonic Nd:YAG (532 nm) 
 
Kolar, Strlic et al. (Kolar et al., 2000) carried out a study of XeCl excimer laser (308 nm) and 
Nd:YAG (532 nm) laser interaction with paper. Purpose of study was to develop a contact-free 
method of cleaning papers like historical documents. The objective of research was to detect the 
effects of two different lasers on paper.  
 
Paper samples used were purified cotton linters cellulose (Whatman filter paper) or bleached 
sulphate pulp. One side of the sample was treated with excimer pulse laser with wavelength 308 nm 
(fluences 0.28, 0.58 and 0.86 J cm-2) and Nd:YAG pulsed with wavelength of 532 nm (fluences 
0.58 and 0.86 J cm-2). All tests were performed at Federal Institute for Materials Research and 
Testing, Berlin, Germany. The treatment of paper with the excimer laser (308 nm) causes an 
immediate severe depolymerisation of cellulose (figure 11.1) and the damage increases with 
increase of fluence (Kolar et al., 2000). 
 
Excessive degradation of paper during the laser treatment with the excimer laser is probably caused 
by the high energy of the incoming light. The Grotthus-Draper law (see appendix 4) states that only 
radiation that is absorbed by material may cause chemical change. The energy supplied by the 
absorbed photon excites the electronic structure of a molecule. Relaxation of molecule is produced 
by emission of heat or light (fluorescence or phosphorescence), by breaking of chemical bonds 
(photolysis), by undergoing a chemical change within the molecule or by transfer of energy to 
another atom or molecule (Kolar et al., 2000).  
 

 
 

Figure 11.1.  Effect of excimer (308 nm) and Nd:YAG (532 nm) laser treatments, when 
different values of fluences were used, on DP (degree of polymerisation) of 
Whatman cellulose. The error bar represents standard deviation, s (n-5) (Kolar et 
al., 2000). 

 
While relaxation of an excited bond to its ground state by emission of heat or light does not induce 
a chemical change in the material, the later three modes of relaxation are considered as 
photochemical processes and may result in deterioration of the substrate. From figure 11.2 can be 
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observed that cellulose scatters most of the light throughout the visible spectrum, while the 
absorption increases in the UV region (Kolar et al., 2000). 
 

 
Figure 11.2.  Diffuse reflectance R spectrum of bleached sulphate pulp (Kolar et al., 2000). 
 
As the energy of a photon at 308 nm is higher than the energy of a C–C or C–O bond (table 11.1), 
photolysis may occur as a result of photon absorption, which causes decrease of DP (degree of 
polymerisation) (Kolar et al., 2000). 
 
Table 11.1  Typical energies of covalent bonds and the corresponding wavelengths (Kolar et 

al., 2000). 
 

Bond Energy, kJ mol-1 Wavelength, nm
C-C 347 347 
C-O 359 333 
C-H 414 289 

 
However, it is more likely that the absorption of a near UV photon results in excitation of electrons 
in a chemical bond. It is likely that a visible-spectrum-wavelength laser would cause less damage to 
cellulosic materials, as their absorption of light in this wavelength region is minimal. It is important 
to note that although a material does not appear to absorb any light, it is still possible for a chemical 
change to take place (Kolar et al., 2000). As shown in figure 11.1, no degradation of cellulose 
molecule was noticed, when frequency doubled Nd:YAG laser radiation was used (532 nm) (Kolar 
et al., 2000). 
 
11.2 Nd:YAG laser (1064 nm) 
 
Pérez, Barrera and Díez (Pérez et al., 2003) have studied laser treatment of paper materials with 
Nd:YAG laser with wavelength 1064 nm. Their purpose was to be able to clean and preserve 
historical documents with help of laser beam.  
 
In their study three different paper samples were chosen: rag paper (16th century) and mechanical 
wood pulp paper (20th century). Rag paper is made of cotton celluloseso this is not same cellulose 
as in wood. The only additives it has are the vegetal or animal glue sizing and mineral fillers 
(gypsum, chalk or kaolin). Besides cellulose, mechanical wood pulp paper contains hemicellulose, 
lignin, resins, peptines, chlorinated agents and ozone, etc. (Pérez et al., 2003). 
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The experimental study was carried out by using an Nd:YAG laser that produces laser beam with 
wavelength of 1064 nm, frequency of 20 Hz, pulse duration of 6 ns and maximum output power of 
420 mJ. The study was carried out using a convergent beam and collimated beam. When convergent 
beam was used, fluence values were varying from 276 mJ cm-2 to 466 mJ cm-2. Correspondingly 
fluence values from 19 mJ cm-2 to 369 mJ cm-2 were used with collimated beam (Pérez et al., 2003). 
 
11.2.1 Rag paper 
 
Using a convergent beam, a carbonisation and breaking of the fibres was observed. With the 
collimated beam, no carbonisation of fibres was observed in any of the fibres at low- and middle-
range fluencies (19–111 mJ cm-2) (Pérez et al., 2003). 
 
In the sample directly exposed to the laser radiation working with a collimated beam, the 
appearance of a peak belonging to the ester group (wavelength 5.8 µm; wavenumber 1730 cm–1) 
was observed. The crystallinity index decreases, when the fluency is increased. There is also a slight 
increase of some of the peaks around wavelength 9.1 µm (wavenumber 1100 cm–1) in consonance 
with a slight increase in the amorphous area (see figure 11.3). There seems to be no variation in the 
crystallinity index with the convergent beam and there is no oxidation peak (Pérez et al., 2003). 
 
11.2.2 Mechanical wood pulp paper 
 
The FTIR spectroscopy offers some slightly different spectra than for rag paper. Cellulose content 
is less, thus increasing hemicellulose and lignin content. The most interesting functional groups are 
aromatic ring peaks at wavelength 6.6 µm (wavenumber 510 cm-1) and wavelength 6.3 µm 
(wavenumber 1600 cm-1) and wavelength 6.8 µm (wavenumber range of 1460 cm-1-1470 cm-1) for 
lignin. The hemicellulose shows a peak at wavelength 12.3 µm (wavenumber 815 cm-1) band. The 
split peak at wavelength range of 3.4-3.5 µm (wavenumber range of 2852–2910 cm-1) is due to the 
presence of the aldehyde group and the peak without the split indicates a vibration in the C–H 
group. The results with paper samples show a slight hydrolysis (double peak around wavelength 3.4 
µm; wavenumber 2900 cm-1) and oxidation (peak at wavelength 5.8 µm; wavenumber 1710 cm-1). 
There is another peak at wavelength 5.8 µm (wavenumber 1718 cm-1) due to the presence of an acid 
as a charge (filler) (Pérez et al., 2003). 
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Figure 11.3.  Rag paper showing oxidation peaks after laser treatment with collimated Nd:YAG 

laser beam (Pérez et al., 2003). 
 
12 Energy balance models of interaction of paper materials and laser beam 
 
If paper material is supposed to degrade at temperature Td, the radial profile of laser beam is 
assumed to be uniform over a disk of radius R, as Archer et al. noted in their study (Archer et al., 
2005) Deposition of heat within the paper is supposed to be uniform over a thickness δ. Heat 
transfer between paper and environment is neglected. Cutting energy per unit length El can be 
calculated as equation 12.1 shows. 
 

21
dP TCR

V

P
E





   (12.1) 

 
where El cutting energy per unit length, J m-1 

 P laser power, W 
 v cutting speed, m s-1 

 ρ density of paper material, kg m-3 

R radius of laser beam, m 
δ thickness of paper material, m 
Cp specific heat of paper material, J kg-1 K-1 

ΔTd (= Td - Ta, Td = degradation temperature, Ta = ambient temperature), K. 
 
For paper materials, Cp = 1500 J kg-1 K-1 and ΔTd = 400 K.  
 
Disadvantage of this model is that it does not take into account absorption and thermal diffusion of 
the heat produced by laser (Archer et al., 2005). 
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Acher et al. (Archer et al., 2005) concluded that the simple model described in equation 12.1 must 
be greatly improved in order to better account for the different physical phenomena that occur in the 
laser paper cutting experiment: optical penetration of the heat deposition, thermal diffusion during 
and after the laser excitation, and dissipation of enthalpy in the course of the 
degradation/combustion of the paper (Archer et al., 2005). 
 
13 Theoretical model of CO2 laser cutting of non-metallic materials 
 
From literature one interesting article about laser cutting of non-metallic materials was found. It 
introduces factors that affect laser cutting of non-metallic materials. 
 
Zhou and Mahdavian (Zhou and Mahdavian, 2004) have represented a study of analysis of laser 
cutting of non-metallic material. A 60 W low power CO2-laser was used in this study. Materials, 
like plastic, wood, particle board, and rubber, were cut with different values of laser power and 
different values of cutting speeds. A theoretical model was deduced estimating the depth of the cut 
in terms of material properties and cutting speed. The experimental cutting results were compared 
with theoretical results. The analysis helps the manufacturing industry in choosing a suitable laser 
system for cutting or marking non-metallic materials. 
 
The non-metallic materials have low thermal conductivity and thermal diffusion coefficients, but 
most of these materials have high absorptivity in wavelength of 10.6 µm (CO2-laser). It is assumed 
that all laser energy is absorbed to the material and all absorbed energy is converted to heat that 
vaporises the material. The energy balance method is used in the analysis and energy lost to 
surrounding material caused by heat conduction is ignored. The laser beam is focused on the top 
surface of workpiece (radius of R) and the maximum depth of cut is located to the centre of focal 
spot. When a laser beam moves on the surface of the workpiece, the maximum depth of cut is 
located on the centre line of the laser beam. This is why only the energy distributed along the 
central line of the laser beam movement is considered. To be able to deduce the depth of cut, small 
area ΔS on the central line is studied (shown in figure 13.1) (Zhou and Mahdavian, 2004). 
 
The total radiation energy E absorbed by the small area ΔS, is calculated. The value of total 
absorbed energy is used to calculate the volume of material that is vaporized by the energy at the 
small area ΔS. If the volume of the vaporized materials is divided by the area ΔS, the outcome is the 
height of vaporized material; so this is the depth of the cut (Zhou and Mahdavian, 2004). 
 
Most lasers used for cutting applications in the manufacturing industry are in Transverse 
Electromagnetic Mode (TEM). TEM00 has a Gaussian distribution and is usually considered the best 
mode for cutting. Diffraction effects during focusing are minimized due to Gaussian beam profile. 
This allows the generation of small spot size. Energy is concentrated in a small area. For the 
Gaussian energy distribution, the laser intensity distribution is given as equation 13.1 shows (Zhou 
and Mahdavian, 2004). 
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Figure 13.1. Laser beam focused on workpiece, when non-metallic materials are laser cut with 

CO2 laser (Zhou and Mahdavian, 2004). 
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where  I0  the peak intensity at the centre of focused beam, W m-2 

R  the laser beam radius, m.  
 
Laser beam radius is defined as the distance from the centre to the point where the laser intensity 
value is reduced to I0/e

2. For a laser beam with output power of P, which is focused on the 
workpiece with absorptivity a, the peak intensity I0 can be calculated as equation 13.2 shows (Zhou 
and Mahdavian, 2004). 
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where  a energy absorptivity, - 
 P output power of laser beam, W. 
 
Laser intensity distribution along the central line of the moving laser beam is only considered. So y 
= 0 and equation 13.1 can be written as equation 13.3 shows (Zhou and Mahdavian, 2004). 
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Again considering a small area ΔS at the centre line of the moving laser beam on the workpiece 
surface, the small area ΔS has dimension ΔX and ΔY in x and y axes (equation 13.4) (Zhou and 
Mahdavian, 2004). 
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ΔS = ΔXΔY     (13.4) 
 
where ΔS small area on workpiece, m2 

ΔX x-axis dimension of ΔS, m 
ΔY  y-axis dimension of ΔS, m. 

 
The laser power used for laser cutting on area ΔS is calculated as equation 13.5 shows (Zhou and 
Mahdavian, 2004). 
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In laser cutting process the width of cutting is constant and is only limited by the diameter of the 
laser beam. The cutting path may be considered as a line along the centre line which is subjected to 
the peak power where it cuts the deepest point. If the workpiece moves under the laser beam with a 
uniform speed V (mm/s), time of laser cutting in small area ΔS is got, as equation 13.6 shows (Zhou 
and Mahdavian, 2004). 
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       (13.6) 

 
where Δt   time for laser beam to pass area ΔS, s 
 V speed of workpiece, m s-1. 
 
When ΔX from equation 13.6 is substituted into equation 13.4 and substitute the result in equation 
13.5, the total energy absorbed by small area ΔS can be written as equation 13.7 shows (Zhou and 
Mahdavian, 2004). 
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where E total energy absorbed by one small area ΔS, J. 
 
Weight of material W vaporized by the total absorbed energy E can be calculated as equation 13.8 
shows (Zhou and Mahdavian, 2004). 
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where  W weight of material vaporised in area ΔS, g 

Q  specific energy of material, J g-1.  
 
Specific energy is the energy required to vaporize 1 g of material and is given equation 13.9 (Zhou 
and Mahdavian, 2004). 
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Q = c (Tm  − Te) + Lv     (13.9) 

 
where  c  the specific heat, J  K-1 g-1  

Tm  the melting temperature, K 
Te  the ambient temperature, K 
Lv  the latent heat of vaporization, J g-1. 

 
The thermal conductivity term in equation 13.9 was neglected. On the small area ΔS the depth of 
cutting is obtained from equation 13.10 (Zhou and Mahdavian, 2004). 
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       (13.10) 

 
where D depth of cutting, m 

 ρ the density of the material, g m-3. 
 
When W and ΔS from above equations are substituted into equation 13.10, the depth of cut D is 
given by equation 13.11 (Zhou and Mahdavian, 2004). 
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When n → ∞, the size of ΔS → 0 or ΔX → 0, summation equation 13.11 becomes an integration 
equation 13.12 (Zhou and Mahdavian, 2004). 
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After integrating equation 13.12 and substituting I0 with Gaussian energy distribution from equation 
13.8 and considering the absorption, the depth of cut is calculated as equation 13.13 shows (Zhou 
and Mahdavian, 2004). 
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Equation 13.13 reveals that the depth of cut is varied linearly with laser power and nonlinearly with 
cutting speed (Zhou and Mahdavian, 2004). 
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Zhou and Mahdavian (Zhou and Mahdavian, 2004) concluded that theoretical results follow the 
same trend as the experimental results. The difference in depth of cuts is significant at low values of 
laser speed. The reason for these differences can be due to neglecting factors such as heat 
conduction, the blocking effect on the laser beam by rejecting materials and partial absorption for 
laser radiation. This study stated that most important factor is the blocking action of rejected 
materials on the laser beam. 
 
When value of laser power needed to produce a desired depth of cut is estimated from equation 
13.13, excess values of laser power was noticed by Zhou and Mahdavian. To make correct 
predication for the laser cutting process, equation 13.13 is modified by introducing two constants 
(B, ω). The modified equation is shown in equation 13.14 (Zhou and Mahdavian, 2004). 
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where B constant related to material, - 
 ω constant related to material, -. 
 
B and ω are related to material properties. Equation 13.14 can be used for practical purposes by the 
manufacturing industry. The values of B and ω have been determined from experimental data. 
These values for some materials are shown in table 13.1 (Zhou and Mahdavian, 2004). 
 
Table 13.1 Values of B and ω for some materials (Zhou and Mahdavian, 2004). 
 

 
 
II INDUSTRIAL APPLICATIONS OF LASER PROCESSING OF PAPER 

MATERIALS 
 
14 Laser cutting of paper materials 
 
14.1 Basic principle  
 
When a laser beam with high energy intensity is focused on the top surface of workpiece, paper 
material is heated and it decomposes chemically. Degradation products are evaporated or removed 
from cut kerf by cutting gas jet. Purpose of cutting gas is to protect focusing lens. A cut kerf is 
formed, when cutting head which consists of focusing lens, laser beam, nozzle and cutting gas, is 
removed in relation to work piece (Federle and Keller, 1992a; Federle and Keller, 1992b). 
 



59 (265) 
 

a)  b)  c)  
 
Figure 14.1.  Example of laser cut paper material products: a) laser cut DVD package, b) laser 

cut double-CD-package (Malmberg et al., 2006) and c) rocking chair (Anon., 
2011d).   

  
Laser beam is formed in resonator in lasing medium and is transferred (by mirrors or by optical 
fibre, that is depending on wavelength of laser light) to cutting head. Laser beam is focused to a 
very small spot by focusing lens that is located inside the cutting head. A small focal point with 
high energy intensity interacts with paper material in above mentioned way and a cut kerf is formed 
(Rickli, 1982). Figure 14.2 shows the basic mechanism of laser cutting of paper materials. 

 
Figure 14.2. Basic mechanism of laser cutting of paper materials. 
 
14.2 Cutting mechanism 
 
Cutting mechanism in laser cutting of paper materials is vaporisation cutting. This mechanism 
means a cutting method where laser beam heats up the material top surface to evaporation 
temperature or to temperature where chemical degradation happens. Physical phase change in 
vaporisation cutting is directly from solid to vapour. Materials that can be laser cut this way do not 
melt (Malmberg and Kujanpää, 2006a). 
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Usually inert cutting gas (like nitrogen or argon) is used to prevent combustion of vaporised 
material (Federle and Keller, 1992a; Malmberg and Kujanpää, 2006a). 
 
Physical change from solid to vapour happens through chemical degradation of paper materials. 
Most of laser power is used to breaking chemical bonds of material. When paper materials are cut 
with laser beam, chemical degradation means breaking of long-chained cellulose molecules to 
carbon and water vapour (Malmberg et al., 2006). 
 
14.3 Cutting processes in paper making 
 
In paper/board making process there are several needs for cutting, like (Malmberg et al., 2006): 
- edge trimming of web in dry end of paper machine,  
- edge trimming of web in winder, 
- cross-machine direction cutting of web, 
- slitting of web to customer width, 
- sheeting of web, 
- cutting of package blanks etc. 
 
Paper/board making and converting industry usually need high-capacity machines and it means that 
high-speed cutting is needed. Conventionally cutting of fibre material is mainly done by mechanical 
blade cutting or die-cutting (also rotating die-cutting tools are used). In 80´s high pressure cutting 
water jet became as a competitive cutting method especially in edge trimming. In late 90´s the laser 
beam method put a new challenge for these two older mechanisms, especially in packaging and 
paper converting industry (Malmberg et al., 2006). 
 
While there are several cutting needs in papermaking process, also laser cutting of fibre material 
consists of several application possibilities. Laser cutting of uncoated and coated paper materials 
can be done successfully and laser cutting does not have any effect on printability properties of 
them. Also printed paper and board can be cut with laser beam and cutting quality is very good 
(Malmberg and Kujanpää, 2006c; Malmberg and Kujanpää, 2006d). Lasers can be used for slitting 
of paper material web in paper machine or in rewinding (Schable, 1993). Laser is also a novel tool 
to replace water jet cutters in edge trimming processes. Hovikorpi et al. (Hovikorpi et al., 2004a) 
noticed in study of laser cutting that a magazine paper can be cut with laser beam at speed of 4400 
m/min. This speed totally fulfils the requirements of papermaking process (Hovikorpi et al., 2004a). 
 
Laser cutting technology can be also combined with digital printers. Conventionally paper materials 
have been printed with rotogravure or offset method. When these printing methods are used, batch 
sizes usually are large (several thousand or ten thousand pieces) and each change in print image 
needs a special modification to print tool. Advantage of digital printing is that even very small batch 
sizes (hundred pieces) can be printed easily and change in print image is only question about 
programming. Laser cutting could provide also as on-line cutter further flexibility to whole printing 
process. A change in cutting pattern is only question of programming and no new cutting tool is 
needed (Boyle, 1999). 
 
Paper and board can also be laser perforated with high speed and high accuracy. When mechanical 
perforation is used the problem is strength loss of material due to broken fibres and uneven size of 
perforated holes due to wearing of perforation tool. Even and open holes are possible to produce 
with laser beam (Mommsen and Stürmer, 1990; Brockmann, 1999). 
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Generally it can be said that laser cutting in cutting of paper materials is recommended in following 
circumstances (Malmberg et al., 2006): 
- when cutting is done by hands. 
- wherever production size is small or constantly below 1000 pieces. 
- always with digital printing. 
- when high accuracy with complex geometries is needed. 
- when specimen or sample batches are made. 
- when material is expensive and maximum acquisition is needed. 
- when flexible production and fast delivery is needed. 
- when tailor-made products are needed. 
 
14.4 Advantages and disadvantages of laser cutting 
 
When paper/board is cut with conventional mechanical blades there are several problems, which 
make the cutting quality bad or even destroy it. A big problem in mechanical cutting of fibre 
material is dust which consists of piece of fibres and pigment particles ripped out of paper by 
cutting blades. This dust causes for example runnability problems in printing houses. Also in many 
cases coarse cut edge which contains out-sticking fibre endings causes many problems. For example 
in liquid packaging industry such a problem is not wanted because liquid absorption properties of 
cut edge are very important (Federle and Keller, 1992a; Malmberg and Kujanpää, 2006a). In figure 
14.3a there is a scanning electron microscope (SEM) image of laser cut edge of paper material. And 
in figure 14.3b there is a SEM image about mechanically cut edge of paper material (Malmberg et 
al., 2006).    
     

a)   b)  
 
Figure 14.3.  Scanning electron microscope (SEM) images of a) laser cut edge and b) 

mechanically cut edge (Malmberg et al., 2006). 
 
In water jet cutting, edge quality depends on water pressure, size of nozzle hole, nozzle distance and 
speed of the web. Water jet cutting of paper materials is not totally problem-free, for example the 
edge of wood fibre materials swells and the paper material web is severely shrivelled (Malmberg and 
Kujanpää, 2006a; Malmberg and Kujanpää, 2006b) 
 
Technically, laser cutting of paper/board is possible and the cut kerf quality is very good. Also the 
amount of dust released during laser cutting is much lower than with mechanical or water jet cutting. 
The most important advantage of laser technology is its flexibility where batch sizes of one piece to 
ten thousand pieces can be accomplished (Malmberg et al., 2006). When comparing laser cutting and 
conventional mechanical cutting methods, there are several differences (Rämö, 2004): 
- Laser cutting is a flexible cutting method. When geometry of cutting pattern is changed there 

is no need to change the tool; it is only question about programming.  
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- Laser cutting is a contact-free method; there is no tool to be worn. 
- Mechanical cutting causes lots of dust. With laser cutting this dusting is in much more minor 

scale. It is possible to collect all dust away from cutting process, when laser cutting is 
performed. 

- With laser cutting material loss can be reduced, when cut blanks can be positioned so that 
material loss is slight. 

- With laser cutting also very complex geometries can be cut very fast. 
- Cutting speeds with laser cutting are almost the same as with mechanical cutting etc.  
 
14.5 Practical examples 
 
Also chocolate bar wrappers (figure 14.4) can be cut decoratively by laser beam.  
 

 
 

Figure 14.4. Laser cut chocolate bar wrapper.  
 
15 Laser kiss cutting  
 
Laser kiss cutting is performed by cutting two superimposed materials so that other material is not 
damaged. Cutting of adhesive paper is an example of laser kiss cutting of paper materials. Shape of 
adhesive can be cut without cutting of background paper (figure 15.1) (Anon., 2011e). 
 

 
 

Figure 15.1.    Laser kiss cutting of adhesive (Anon., 2011e). 
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Advantages of laser kiss cutting are (Anon., 2011e): 
- Laser beam can be moved freely without limitations as mechanical tool have.  
- Laser processing does not cause any mechanical stress to work piece. 
- Adhesives are not stuck to mechanical cutting blades.  
- Cutting speed achieved is high enough with only limitation of laser power.  
- Laser kiss cutting is economically profitable. 
- Expensive shape blades are not needed. 
 
16 Partial cutting of paper materials 
 
16.1 Basic principle and mechanism 
 
Laser beam is also used for manufacturing of opening grooves to packages. This actually is partial 
cutting of paper materials; laser beam evaporates part of the material. When compared to 
mechanical cutting, laser cutting provides in this application several advantages. Groove is more 
uniform and depth of groove can be defined very accurately, when laser cutting is used. This way 
strength property of board is remained. Plastic and aluminium layers remain untouched, which is 
very important especially, when thinking of hygienic properties of food packages (Henning, 2001). 
Figure 16.1 shows how a groove to board is done with laser beam. 

 
Figure 16.1.  Making an opening groove to packaging board with laser beam.  
 
16.2 Practical examples 
 
In 1997 SIG Combibloc revealed new system (see figure 67), which allows making openings of 
liquid food packages with partial laser cutting to packages where traditional perforation openings 
cannot be done. Laser cut openings are very easy to tear and aseptic demands of packages are still 
filled (Fruscione, 1999; Anon., 2007d). 
 
CombiTop allows consumers to open the beverage carton without operating instructions or any 
pointed or sharp instrument. No plastic film or aluminium foil has to be removed. The tongue 
integrated in the fitment is simply pressed through the pre-laser cut cardboard layer and into the 
carton. In addition, the carton can be reclosed easily and stored in the fridge without picking up any 
other odours or flavours (Anon., 2011f). 
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Figure 16.2.   CombiTop® mechanism of SIG Combiblock made with partial laser cutting 

(Anon., 2007d). 
 
17 Laser creasing of paper materials 
 
17.1 Basic principle and mechanism 
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) have studied possibilities 
of laser creasing of packages. Creasing means that paper material is weakened locally and this way 
a folding line (crease) is formed. Paper material can be then bended along the folding line. So 
actually laser creasing can be considered as special case of partial cutting of paper materials 
(Federle and Keller, 1992a; Federle and Keller, 1992b). Figure 17.1 shows one example of 
conventional techniques of making creases and perform creasing of packages. 

 
Figure 17.1. Example of making creases and with mechanical tool. 
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Federle and Keller noticed in their study that with conventional (mechanical) creasing methods, 
especially with thick materials, the remarkable problem was flattening of folding lines. When laser 
creasing was done such a problem did not exist. Laser creasing was done so that laser beam 
removed a part from paper material top surface (see figure 17.2) and this way a folding line (crease) 
was formed. In this study paper material was possible to crease with laser beam with speed of 1500 
m/min, when laser power of 600 W was used (Federle and Keller, 1992a; Federle and Keller, 
1992b). 

 
Figure 17.2. One way of performing laser creasing (Federle and Keller, 1992a; Federle and 

Keller, 1992b). 
 
17.2 Practical examples 
 
A patent (Anon., 2007a) presents a method of folding a cardboard along a fold-line (see figure 
17.3). Board consists of an outside layer, a middle layer and an inside layer. The method includes 
the step of using a laser system to cut a first slot and a second slot in the inside layer. The method 
also includes the step of folding the cardboard along the fold-line. When the outside layer is pulled 
tight the inside layer and the middle layer are pushed inward. The first and second slots must be 
wide enough to allow the inside layer to easily deform, when the board is folded (Anon., 2007a). 
 
18 Laser perforation of paper materials 
 
18.1 Basic principle  
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) studied laser perforation 
and laser drilling of paper materials. They concluded that laser technology has in these applications 
several advantages over conventional, mechanical methods. Laser beam enables forming of holes 
with arbitrary shape and size and grooves with only limitation being equipment parameters. They 
found interesting application possibilities, when high frequency CO2 lasers were used. 
Disadvantage of mechanical perforation and drilling was breaking of wood-based fibres, when 
strength properties of paper materials were weakened. Also quality of mechanically perforated 
holes was varying due to wearing of perforation tool. Stability of laser beam enhanced a lot quality 
of perforation. Also high processing speeds attained with laser technology. 
 
Brockmann (Brockmann, 1999) also studied laser perforation of board. Board with thickness of 1 
mm was perforated with speed of 30000 holes per minute. Perforation was carried out with a 300 W 
CO2 laser.  
 
18.2 Practical examples 
 
The Tetra Recart (Anon., 2007b; Anon., 2007c) carton packages (see figure 18.1) can be used to 
pack wet shelf-stable products, such as chili, which contain particles of any size, like beans and rice, 
with a shelf life of up to 24 months. Tetra Recart paperboard laminate material allows the product in 
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the package to be sterilized in the same manner as the traditional canning process. In addition, the 
package's laser-perforated easy-open feature allows consumers to open the package with no can 
opener - and it presents no sharp edges. 

 
Figure 17.3. Laser creasing as a patent presents (Anon., 2007a). 

 
Figure 18.1. Laser perforated easy opening of Tetra Recart package (Anon., 2007c). 
 
Since Tetra Recart is an extended-shelf-life (ESL) product packaging system, the operations have to 
be done under stringent clean room aseptic conditions. Tetra Recart is a combined processing and 
carton-based packaging system for in-container food sterilisation. The system can run at speeds up 
to 24.000 packages per hour, a production capacity similar to that of a modern canning line but 
faster than normal for carton-based packaging systems. 
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A major technical difference between traditional cartons and the Tetra Recart system is that the 
packaging material has a different structure from traditional carton packages; in order to withstand 
the rigours of the retorting process it is composed of a six-layer paper board foil and polymer 
laminate structure. The package looks similar to existing carton packages but is produced 
differently and has a new laser perforated easy opening solution (Anon., 2007c). 
 
19 Economical aspect of laser processing of paper materials 
 
The calculations done in study of paper material laser cutting by Immonen (Immonen, 2005) show 
that economical difference between the traditional technologies and the laser technology is not big. 
The economical comparison was done for edge trimming in paper machine. Laser source used was 
TRUMPF 2.7 kW CO2 laser. It can be said based on the cost calculations of the edge trimming 
system that annual costs of the laser systems are higher than the water jet edge trimming system. 
Difference in the annual costs between the laser and the water jet cutting system strongly depend on 
assemblage of the laser system. Figure 19.1 illustrates the economical comparison between laser 
and water jet cutting systems (Immonen, 2005). 

 
Figure 19.1.  Costs of the laser cutting system compared to the water jet cutting system 

(Immonen, 2005). 
 
As it can be seen from figure 19.1, operating costs of laser systems are 45000 – 60000 €/year, 
which is nearly four times bigger compared with the water jet cutting system. Because of high 
electricity consumption, the efficiency of laser is only 10 %. The second reason for the higher 
operating costs is laser gas expenses. Laser gas consumption is smaller on slab type lasers which 
makes it more economical choice despite its higher purchase value (Immonen, 2005). 
 
Laser technology is attractive and promising technology because laser system offer clear benefits 
because of its flexibility, reliability and maintenance free operations. In the edge trimming 
application significant benefits are attained by reliability and free of maintenance. Reliability of 
laser equipment is most important benefit for edge trimming because losses are huge on paper 
machine if there are unexpected production breaks. It is approximated if laser is utilized on edge 
trimming five unnecessary stops could be avoided in comparison to water jet cutting (Immonen, 
2005). 
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The second researched laser application was zigzag cutting of board. There were found significant 
benefits for the material efficiency in drink cup production. The cause of the raising material 
efficiency is possibility to flexible cutting of geometries and optimization of the winding activity. It 
is possible to get 5-9 % material cost savings with utilizing the laser cutting in winding that mean 
10-34 % returns of investment and 3-6 year payback period on current starting values (Immonen, 
2005). 
 
III PROCESS PARAMETERS OF LASER PROCESSING OF PAPER MATERIALS 
 
Process parameters of laser cutting can be divided into: equipment parameters, cutting parameters 
and material parameters. These parameters are introduced and their effect on laser cutting is 
discussed. 
 
20 Equipment parameters  
 
20.1 Power and peak intensity 
 
Laser power is defined as total amount of energy emitted in one time unit. Unit of laser power is 
watt (W). Peak intensity is laser power divided by area of radiation and unit of power intensity is 
watts per unit of area (usually W cm-2 or W mm-2). When non-metallic materials are cut with laser 
beam, high value of peak intensity is required to obtain high temperature in cutting surface and to 
result good cutting quality combined with high cutting speed (Steen, 1991). 
 
Figure 20.1 represents some typical equipment parameters used for laser cutting of paper materials.  
 

 
Figure 20.1.  Some typical equipment parameters, when paper materials are cut with laser 

beam. 
 
20.2 Mode 
 
TEM-patterns (TEMplq) consist of (Steen, 1991): 
- p = number of radial zero fields  
- l = number of angular zero fields 
- q = number of longitudinal zero fields. 
 
Typical TEM-patterns are shown in table 20.1 and figure 20.2.  
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Table 20.1 Typical TEM-patterns (Steen, 1991). 
 

 
 

 
Figure 20.2. Power densities of typical radially symmetrical TEM patterns (Steen, 1991). 
 
TEM00-pattern is considered as best mode for laser processing because power is focused to centre of 
beam. This way beam can be focused to smaller spot. But in certain laser processing applications 
TEM00-pattern is too “sharp” e.g. peak intensity increases to too high values, when demands for that 
certain process are considered (Chryssolouris, 1991). 
 
20.3 Polarisation 
 
Polarisation affects how laser light is absorbed in cut kerf. Linear and elliptical polarised laser light 
absorbs differently in different direction and positions during laser cutting. This is why linear 
polarisation is recommended to be used in linear laser cutting and circular polarisation is 
recommended to be used in 2D or 3D laser cuttings of paper material (Hovikorpi et al., 2004b; 
Laakso et al., 2004). 
 
Malmberg et al. (Malmberg et al., 2006) noticed that there is a difference in cutting speeds, when 
different polarisation planes of laser light are used. Results are illustrated in figure 20.3. Material 
was CTMP (chemi-thermo-mechanical pulp) and grammage 177 g m-2. 



70 (265) 
 

 
 

Figure 20.3. Effect of laser beam polarisation plane direction (to cutting direction) to cutting 
speed, when 177 g m-2 CTMP was cut with laser beam (Malmberg et al., 2006). 

 
Figure 20.3 shows that, when plane of polarisation is perpendicular to cutting direction approximate 
5 % higher cutting speeds can be achieved. Narrower kerfs are formed, when CTMP sample is cut 
with laser beam which plane of polarisation is parallel to cutting direction. It can be concluded that 
it is recommended to laser cut fibre raw material with laser beam, which plane of polarisation is 
parallel to cutting direction (Malmberg et al., 2006). 
 
20.4 Quality of laser beam 
 
Beam quality of CO2 laser light is described usually with K- or M2-value. K-value is commonly 
used in Europe, whereas M2-value is commonly used in USA. The closer to value of one K-value is, 
the closer the laser beam is to be as ideal beam and the better is the focusing of laser beam (that also 
means smaller focal point) (Steen, 1991). Especially in laser cutting, the smaller the focal point of 
laser beam is, the narrower the cut kerf. Fast cutting speed is achieved when there is less paper 
material to be evaporated (Malmberg et al., 2006). Equation 20.1 shows how K- and M2-values are 
calculated (Steen, 1991; Chryssolouris, 1991). 
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Divergence means half of spreading angle of laser beam. Unit of divergence is mrad. For example 
some beams of laser equipment with good beam quality have divergence of 1-1.5 mrad. This means 
that in length of 10 metres diameter of beam is increased from 18 mm to 21 mm (Steen, 1991; 
Chryssolouris, 1991). 
 
Often beam quality is simply shown as beam focal point diameter. Typically this diameter is 
represented as diameter of 1/e2=0.135 times of total power when Gaussian beam profile (TEM00) is 
discussed. This diameter contains 86 % of all highest laser power (Steen, 1991; Siegman, 1997). 
 
20.5 Wavelength of laser light  
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) tried to cut paper 
materials with excimer, Nd:YAG and CO2 lasers in their study of paper material laser cutting. 
Wavelength of excimer laser light is between 300-350 nm and wavelength of Nd:YAG laser light is 
1064 nm. 
  
Frequency properties of excimer equipment were noticed to be inadequate and it was concluded that 
excimer laser is not suitable for laser cutting of paper materials. Problem with Nd:YAG laser was 
that wavelength of 1064 nm does not absorb properly to paper material and cut kerf was only a 
weak imprint on paper top surface. A successful cutting could be performed with Nd:YAG laser but 
laser power values were very high, cutting speed was small, cut kerf was strongly carbonized and 
kerf width was over 300 µm.  
 
It was also concluded that paper material absorbs efficiently the wavelength of CO2 laser and CO2 
laser is useful for cutting of paper, board and pulp (Federle and Keller, 1992a; Malmberg and 
Kujanpää, 2006a). 
 
Archer et al. (Archer et al., 2005) had studied laser cutting of paper materials with diode laser. Their 
idea was to spread a layer of black ink and NIR ink, which absorbs wavelength (810 nm) of diode 
laser, to top surface of paper material. This way cutting of paper material with diode laser was 
possible. 
 
Nader et al. (Nader et al., 1999) tried Ti(titan):sapphire laser, when they cut paper materials with 
laser beam. Ti:sapphire laser is a solid state laser that has solid titan-sapphire-rod as a lasing 
medium. Ti:sapphire laser produces very short (femtosecond) pulses with low energy consistence. 
Processing of materials is created with high-frequency repetition of pulses (Perry et al., 2001). 
When paper materials are processed with Ti:sapphire laser, cutting edge quality is very clean. Dust 
released during laser cutting is round-shaped and has size of 1-3 µm (Nader et al., 1999). 
Disadvantage of Ti:sapphire laser is high investment and operation costs. This laser type is also 
rather meant for slow speed microprocessing than high speed processing laser (Perry et al., 2001). 
 
21 Processing parameters  
 
21.1 Size of focal point, depth of focal point and focal length 
 
Figure 21.1 illustrates the effect of size of focal point, depth of focus and focal length to laser 
cutting of paper materials (Malmberg et al., 2006). 
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Figure 21.1. Size of focal point, depth of focus (Rayleigh length) and focal length and their 

effect on laser cutting of paper material (Malmberg et al., 2006). 
 
Size of focal point is function of several factors (Steen, 1991; Chryssolouris, 1991): 
- wavelength of laser beam, 
- intensity distribution of laser beam, 
- diameter of raw beam, 
- focal length of focusing lens and 
- quality of laser beam. 
 
Equation 21.1 shows dependency of these factors (Ion, 2005). 
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Depth of focal point can be calculated as equation 21.2 shows (Ion, 2005). 
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where lS depth of focal point, m. 
 
Short wavelength of laser beam, short focal length of focusing lens and large raw beam diameter 
produces small diameter of focal point. Very often depth of focus is expressed as Rayleigh length. 
Small focal point and small depth of focus enables fast and good-quality laser cutting of thin 
materials. Longer depth of focus (Rayleigh length) enables laser cutting of thicker materials (Steen, 
1991; Chryssolouris, 1991). 
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 Figure 21.2 shows effect of size of focal point, depth of focus (Rayleigh length) and focal length to 
laser power vs. cutting speed test of LWC (light weight coated) paper (Malmberg et al., 2006). 

 
Figure 21.2. Test of laser power vs. cutting speed/kerf width with different focal lengths for 

LWC paper (Malmberg et al., 2006). 
 
Figure 21.2 shows that laser power needed for through cutting depended linearly on cutting speed 
with uncoated and coated LWC paper and with all focal lengths. Fastest cutting speeds could be 
achieved with focal length of 63.5 mm and lowest cutting speeds were achieved with focal length of 
190.5 mm. Laser cutting with 127 mm optics required 30-40 % higher laser power than with 63.5 
mm optics. Laser cutting with 190.5 mm optics required 100 % higher laser power than with 63.5 
mm optics. The highest cutting speed for LWC papers were more than 4 km/min with 2200W laser 
power on work piece.  
 
Uncoated LWC paper could be cut faster than coated: coating absorbs laser light and this way less 
laser power is left for cutting and that can be seen as lower cutting speeds. It can be noticed that 
kerf width stayed almost constant, when laser power and cutting speed were increased. Widest kerfs 
were formed when longest focal length was used (Malmberg et al., 2006). 
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It can be noticed that kerf width stayed almost constant, when laser power and cutting speed were 
increased. Longest focal length also produced widest kerfs. Difference between kerf widths of focal 
length of 63.5 mm and 127 mm was minimal. Coating also widened the cut kerf; coating pigments 
scattered the laser light and this could be seen as wider kerf widths (Malmberg et al., 2006). 
 
21.2 Focal plane position 
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) concluded that, when 
paper materials are cut with laser beam, position of focal point in relation to paper material top 
surface (focal plane position) is very critical to success of cutting.  Especially with high cutting 
speed values, paper web is vibrating a lot and that causes changes to focal plane position and to 
success of laser cutting. That is why supporting of paper web and preventing it from vibrating is 
extremely important in laser cutting of paper materials. This way unnecessary change in focal plane 
position can be avoided.  
 
Ramsay and Richardson (Ramsay and Richardson, 1992) noticed that if focal point is located away 
from material top surface, there was strong yellowing of cut kerf. When focal point was in right 
position, there was no yellowing of cut kerf. Ideal focal plane position was defined to be under the 
paper material top surface in depth that is one-third of the whole thickness of paper material. 
Ramsay and Richardson did not explain how this accurate value was defined.  
 
Figure 21.3 represents results of a study in which different paper materials (grammage 250 g m-2) 
were cut with laser beam and focal plane position was changed ±0.7 mm from zero position. Some 
terms of paper technology are further introduced in appendix 1. Zero focal plane position was 
defined to be material top surface, so minus values were under the top surface and positive values 
above the top surface. With each focal plane position constant laser power was used and that cutting 
speed where cutting was done successfully was defined. Optimum focal plane position range is 
marked to figure 21.3 with circles (Malmberg et al., 2006). 
 
As it can be seen from figure 21.3, when focal point is located away (above or below) from sample 
top surface, cutting speed decreases. When focal point is 0.7 mm away from material top surface, 
cutting speed reached is two times lower with some paper material. Reason for that is that, when 
focal point, where energy intensity has highest value (to be able to form perfect cutting), is far away 
from material top surface. So in this situation the energy intensity value of beam is not anymore 
high enough for good quality cutting (Malmberg et al., 2006). 
 
It can also be noticed from figure 21.3 that optimum focal plane position range of most paper 
material is between -0.2 mm and 0.2 mm. In that area cutting speed has highest values and cut kerf 
is narrowest. It can also be concluded that the thicker the paper material is the lower the cutting 
speed is. The more there is material to be evaporated, the lower the cutting speed is. It is also 
obvious that the thicker the material is, the larger the optimum focal plane position range is; focal 
point “fits” better inside thick material than inside thin material (Malmberg et al., 2006). 
 
The shape and size of cut kerf is also changed; the further from material top surface the focal point 
is, the wider the cut kerfs are. When focal point is located above from top surface, the shape of cut 
kerf is slightly A-shaped. When focal point is located below top surface, shape of cut kerf is slightly 
V-shaped. It was not studied whether Rayleigh length has any effect on location of effective focal 
spot that is required for laser cutting. Figure 21.4 illustrates the change of cut kerf shape, when focal 
point is located above or below from material top surface (Malmberg et al., 2006). 
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Figure 21.3. Test of focal plane position vs. cutting speed with different paper materials 

(grammage 250 g m-2). Optimum focal plane position range is marked with circle 
(Malmberg et al., 2006). 

 

 
Figure 21.4. Effect of focal plane position to shape of cut kerf of paper material (Malmberg et 

al., 2006). 
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21.3 Diameter of nozzle hole 
 
If the nozzle stand-off distance (distance between bottom surface of nozzle and top surface of work 
piece) is larger than the diameter of nozzle hole, there exists some gas turbulence and pressure is 
changing between nozzle and work piece. This causes problems in laser cutting (Lindholm and 
Kettunen, 1983; Federle and Keller, 1992a; Malmberg and Kujanpää, 2006a). 
 
It is also important that laser beam is located exactly to the middle of nozzle hole; this is how gas 
flow is constant around laser beam and evaporated material is moved away from cut kerf with 
constant speed. If laser beam is not located to middle of nozzle hole, this causes one-sided cutting 
gas flow and cut kerf is also one-sided (Rämö, 2004). 
 
Malmberg et al. (Malmberg et al., 2005) changed nozzle hole diameter in laser cutting of paper 
materials. Aim of this test was examine what happens to cutting speed, when nozzle hole diameter 
and shape was changed and cutting was done with high laser power values. Figure 21.5 shows the 
effect of nozzle hole diameters of 1 mm and 1.5 mm and nozzle hole shapes of round and oval to 
cutting speed. The cutting direction was according to longer dimension of oval (Malmberg et al., 
2005). 

 
Figure 21.5. Effect of nozzle hole size and shape to cutting speed, when uncoated and 

carbonate coated boards were cut with laser beam (Malmberg et al., 2005). 
 
As it can be seen from figure 21.5, increase of nozzle hole diameter did not have any significant 
effect on unstable cutting behaviour, when pigment coated board samples were laser cut. On the 



77 (265) 
 
contrary increase of nozzle hole made the cutting more instable. This was maybe due to turbulence 
of cutting gas with larger nozzle hole diameter (Malmberg et al., 2005). 
 
21.4 Nozzle stand-off distance 
 
Ramsay and Richardson (Ramsay and Richardson, 1992) noticed in their studies that if nozzle 
stand-off distance (distance between bottom surface of nozzle and top surface of work piece, see 
figure 21.6) was more than 2 mm, cutting gas jet pushed paper material away from nozzle. If nozzle 
stand-off distance was 1-2 mm, cutting gas caused suction between nozzle and paper material and 
nozzle get stucked. That caused particles and fumes to damage focusing lens. This overheating may 
cause focusing lens to explode and the whole process lasts only 30 seconds.  
 
Figure 21.6 shows parameters of cutting nozzle during laser cutting of paper materials. 

 
Figure 21.6. Nozzle stand-off distance. 
 
Malmberg et al. (Malmberg et al., 2006) varied nozzle stand-off distance. It was noticed that nozzle 
stand-off distance has to be at least 0.2 mm, otherwise focusing lens gets dirty and risk of rapid 
overheating increases. Different stand-off distances that were mentioned in study of Ramsay and 
Richardson (Ramsay and Richardson, 1992) and study of Malmberg et al. (Malmberg et al., 2006) 
were due to the fact that Ramsay and Richardsson did laser cutting for freely moving paper web 
without any edge support and vice versa Malmberg et al. used cutting edge support avoiding paper 
web to flutter.  Figure 21.7 shows the effect of nozzle distance to cutting speed (Malmberg et al., 
2006). 
 
As it can be observed from figure 21.7, when nozzle was in distance of 0.4-1.0 mm from sample top 
surface higher cutting speeds could be achieved with carbonate coated samples (top side cutting). 
After nozzle stand-off distance of 1.0 mm cutting speed reduced remarkably. It may be that beam 
hits the inner parts of nozzle, when nozzle stand-off distance is 1 mm. It was also noticed that 
nozzle position of 0 mm destroyed the focusing lens while burning board and dust got stucked on it. 
Also when cutting was done from bottom side of sample (so sample was actually turned around) the 
cutting speed increased, when nozzle stand-off distance increased. Fastest cutting speeds were 
achieved in nozzle stand-off distance of 0.4-0.6 mm (Malmberg et al., 2006). 
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Figure 21.7. Effect of nozzle stand-off distance to cutting speed, when uncoated and carbonate 

coated boards were cut with laser beam (Malmberg et al., 2006). 
 
21.5 Type of cutting gas 
 
Purpose of cutting gas is to protect focusing lens and prevent all dust and fume to get in contact 
with lens. If focusing lens gets dirt, laser beam is absorbed to dirt and causes severe overheating of 
lens and may cause rapid explosion of lens. When laser beam absorbs to unclean focusing lens, this 
also causes loss of laser power at work piece and decreases the cutting speed. Aim of cutting gas is 
to increase cutting speed by cooling cut kerf and blowing away all dust and fume that are released 
during laser cutting (Ramsay and Richardson, 1992). 
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) tried laser cutting of 
paper materials with different cutting gases. When inert cutting gases (argon, helium and nitrogen) 
were used, there was no difference of cutting quality between these inert cutting gases. Federle and 
Keller concluded that main task of cutting gas in case of paper materials is to protect focusing lens 
from dust and fumes.  
 
Rickli (Rickli, 1982) recommended using compressed air, when paper materials are cut with laser 
beam. Advantage of compressed air is cheap price and easy availability. When oxygen is present in 

Nozzle diameter 1 mm 
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laser cutting of paper material, it is not providing additional energy to cutting, as it is in case of 
laser cutting of metallic materials. 
 
Uncoated and coated board samples were laser cut with argon, carbon dioxide, helium, nitrogen, 
compressed air and oxygen. Pressure of cutting gas used was 5 bar. This pressure is high enough to 
keep cutting lens clean and also to blow released fumes away. Laser power used in this test was 
1500-1700 W and maximum cutting speed was found out for each cutting gas. Figure 21.8 
represents these test results (Malmberg et al., 2005). 
 
Argon and carbon dioxide cutting gas caused very low cutting speeds and even when used with 
cutting of coated board they caused lower cutting speeds than with cutting of uncoated board. This 
is concluded from figure 21.8. Unexpectedly in case of laser cutting of coated board with helium 
and oxygen it was possible to reach 10 % higher cutting speeds compared to the uncoated board 
laser cutting with same gases. It may be that oxygen provides excellent circumstances with extra 
oxygen concentration for material burning and this way increases the maximum cutting speed 
(Malmberg et al., 2005). 

 
 
Figure 21.8.  Type of cutting gas versus cutting speed for uncoated and calcium carbonate 

coated board samples, when cutting is done from top side of sample (Malmberg et 
al., 2005). 

 
Joore and Hüsslage (Joore and Hüsslage, 2003) cut paper material (grammage of 550-1650 g/m2) 
with 1700 W CO2-laser beam. Sample thicknesses varied between 0.8-2.2 mm. Focal length was 
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100 mm and diameter of focal point 0.25 mm. They tried the effect of cutting gas to cutting speed 
of paper material. Gas types tested were nitrogen, air and argon and gas pressure was 20 bar. Figure 
21.9 shows the effect of cutting gas to cutting speed achieved, when paper material with grammage 
of 750 g m-2 was cut with laser beam (Joore and Hüsslage, 2003). 
 
21.6 Gas pressure of processing gas 
 
Ramsay and Richardson (Ramsay and Richardson, 1992) used gas pressure of 2 bar, when they cut 
paper materials with laser beam.  
 
Depending on paper material and material thickness, different gas pressures are needed. For 
example if nitrogen is used high gas pressures are needed to be able to blow away all fumes and 
dust released during cutting (Ainsworth, 1978). 
 
Rämö (Rämö, 2004) studied also effect of gas pressure of cutting gas to success of laser cutting of 
paper materials was tested. Figure 21.10 shows the effect of cutting gas pressure to cutting speed. 
 

 
Figure 21.9.    Effect of different cutting gases to cutting speed of paper material with grammage 

of 750 g m-2. Pressure of cutting gas was 20 bar (Joore and Hüsslage, 2003). 
 
As it can be seen from figure 21.10, cutting gas pressure of 5 bar resulted fastest cutting speeds. 
Increase or decrease of that value did not have any significant effect on maximum cutting speed. 
When gas pressure gets values over 10 bar cutting speed is decreased dramatically. It was also 
found that at least 3 bar pressure was needed to keep the focusing lens clean (Rämö, 2004). 
 
Ramsay and Richardson (Ramsay and Richardson, 1992) noticed that cutting gas pressure of 2 bar 
was enough but Rämö (Rämö, 2004) noticed that this gas pressure was not enough to keep focus 
lens clean.   
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When carbonate-coated board was cut from top side there was no effect of cutting gas pressure but, 
when the same material was cut from bottom side increase of gas pressure caused a strong decrease 
in cutting speeds. Interesting note was that, when uncoated board was cut with gas pressure of 15 
bar, there was a visible blue flame (Malmberg, 2003). 
 
21.7 Laser power vs. cutting speed 
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) cut offset-printing paper 
(grammage 80 g m-2) with CO2 laser and figure 21.11 represent results of that cutting study. 
 

 
 
Figure 21.10. Effect of cutting gas pressure to cutting speed, when uncoated and carbonate 

coated boards were cut with laser beam (Rämö, 2004). 
 
It was noticed that laser power and cutting speed depend linearly on each other. When laser power 
increases, parameter range for good cutting quality is increased. In this study it was also noticed 
that, when cutting was performed with higher laser power than required the width of cut kerf was 
increased, carbonisation of kerf was stronger and amount of fumes released during cutting 
increased. It was concluded that, when excess laser power is used in laser cutting of paper materials 
suction of fumes and dust released during cutting is very important (Federle and Keller, 1992a; 
Federle and Keller, 1992b). 
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Figure 21.11.  Laser power vs. cutting speed, when offset-paper (grammage 80 g m-2) was cut 

with CO2 laser (Federle and Keller, 1992a). 
 
Ramsay and Richardson (Ramsay and Richardson, 1992) noticed also that for good quality cutting 
it was very important to remove all dust and fumes released during laser cutting of paper material. 
They also concluded that laser power and cutting speed has linear dependence. In this study it was 
found out that, when cutting speed was increased but laser power remained constant, cutting quality 
was destroyed: cut kerf became yellow, was uneven and out-sticking fibres occurred. It was also 
noticed that if paper web was fluttering under laser beam and focal plane position was then 
changing, this had negative effect on cutting quality. This is why support of paper web under laser 
beam was important (Ramsay and Richardson, 1992). 
 
Juselius (Juselius, 1974) found out that dependence between laser power and cutting speed, when 
paper materials are cut with laser beam, is linear. 
 
Cutting trials of laser cutting of paper materials by Hovikorpi et al. (Hovikorpi et al., 2004b) were 
performed to establish relation between laser power and cutting speed. Focus position was in the 
middle of the sample. Nozzle hole diameter was 0.2 mm and stand-off distance 0.1 mm. Nozzle 
stand-off distance is represented in figure 21.6. Nitrogen was used as cutting gas at 5 bar pressure. 
Limit value for cutting speed was defined. Cutting limit was the speed in which the cutting kerf was 
continuous from start to end without any fibre bonding. Cutting trials with pulps are illustrated in 
figures 87-89 (Hovikorpi et al., 2004b). 
 
As figures 21.12-21.14 show, the effect of laser power on the cutting speed is linear. Increase in 
grammage increased also required laser power in order to reach same speed. Birch pulp was 
possible to cut with higher speeds than pine and CTMP pulps with the same laser power. Difference 
between partial cutting speed and cutting speed limits is bigger with pine than birch and CTMP 
pulps. Difference between pine and birch can be caused by the higher absorption of birch pulp. The 
difference can also be caused by the longer fibres of pine. Difference between CTMP and the other 
pulps is probably related to fact that board made from CTMP is much thicker at the same 
grammage. This leads to a situation that in CTMP cutting lower power densities are used because 
material is thick compared to beam caustics. This leaded also wider cutting kerfs in CTMP versus 
other pulps (Hovikorpi et al., 2004b). 
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Figure 21.12.            Laser power versus cutting speed for CTMP sample (Hovikorpi et al., 2004b). 

 
 

Figure 21.13.         Laser power versus cutting speed for pine pulp sample (Hovikorpi et al., 2004b). 
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Figure 21.14.    Laser power versus cutting speed for birch pulp sample (Hovikorpi et al., 2004b). 
 
It was found out also that the cut edge quality and kerf widths were stable for each grammage and 
pulp types produced with parameter combinations on cutting limit (laser power/cutting speed). Top 
of the cutting kerf was always wider than root. This is partly related to the laser beam caustics 
(focal point was set to the middle of sample) and partly to the fact that beam is interacting with 
upper part of the sample longer than with root part (Hovikorpi et al., 2004b). 
 
 It was also noted that kerf width increases, in optimal cutting limit, if grammage and thickness 
increase. This behaviour is also relating to the fact that laser beam is diverging outside of focal 
point. Kerf width is an average value of top and root kerf widths produced with each parameter 
combinations of cutting limit (laser power/cutting speed) (Hovikorpi et al., 2004b). 
 
In cutting trials there was no colorization or carbonization of cut edges with pine and birch pulps. 
Some colour change was noticed with CTMP. This is related to the fact that CTMP includes all 
wood components like lignin, which is known to cause yellowing very easily in any conditions. In 
birch and pine samples laser cut edge was fused and sealed. With CTMP kerf edge was also fused, 
but not totally sealed, some individual fibre ends can be seen (Hovikorpi et al., 2004b). 
 
Archer et al. (Archer et al., 2005) noticed in their study of laser cutting of office paper (grammage 
80 g/m²) with diode laser (wavelength of laser beam 810 nm) that cutting threshold is found to 
increase linearly with the laser power for a large enough power. Results are reported on figure 
21.15, for a spot diameter of 30 μm, and for both black marker ink and invisible ink. 
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Figure 21.15.  Results of laser interaction for different laser powers and speeds, on paper inked 

using black marker ink (squares) or invisible IR absorbing ink (triangles). Full 
symbols indicate a complete cut, and hollow symbols indicate a partial cut. The 
lines represent the asymptotic dependence of maximum cutting speed as a 
function of laser power (Archer et al., 2005). 

 
As figure 21.15 represents, when value of the speed is higher or when value of the power is lower, 
the paper is not completely cut. For speeds up to 20 % higher than the threshold speed which is 
necessary to obtain a complete cut, easily-tearable lines are obtained. For speeds 20 % to 100 % 
higher than the threshold speed, easy-folding lines are obtained (Archer et al., 2005). 
 
22 Material parameters  
 
22.1 Grammage of paper material  
 
Figure 22.1 represents how grammage (unit g m-2) of paper materials affect cutting speed, when 
paper materials were cut with CO2 laser beam (Hülbusch, 1991). 
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) tried to cut different 
offset paper materials (grammages 80-170 g/m2) with a 600 W laser. They concluded that 
grammage and cutting speed do not depend linearly on each other. They also summarised that 
grammage do not have any effect on quality of laser cutting or on kerf width.  
 
Ramsay and Richardson (Ramsay and Richardson, 1992) noticed that more laser power was needed 
to cut thicker paper materials than cutting of thinner paper material. They also concluded, that with 
certain laser power and with thicker paper material, slower cutting speed was required to attain 
successful cutting than with thinner paper material.   
 
Joore and Hüsslage (Joore and Hüsslage, 2003) cut paper material which grammage was 500-1700 
g m-2 with a 1700 W laser beam. The effect of grammage of paper material to laser cutting speed 
can be seen from figure 22.2.  
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Figure 22.1. Effect of grammage (and material thickness) of paper material to cutting speed, 

when paper materials were cut with CO2 laser beam (Hülbusch, 1991). 
 
Joore and Hüsslage concluded that there is a dependency between grammage of paper material, 
cutting speed and laser power value of laser beam (Joore and Hüsslage, 2003). 
 
22.2 Thickness of paper material  
 
Malmberg and Kujanpää and Malmberg et al. (Malmberg and Kujanpää, 2007; Malmberg et al., 
2007) studied effect of paper materials thickness to success of laser cutting. Several different paper 
materials were cut with laser beam with constant laser power of 550 W and maximum cutting speed 
was found out. Figure 22.3 shows laser cutting speed of different paper materials as function of 
material thickness (Malmberg et al., 2006). 
 
As it can be seen from figure 22.3, when thickness of paper material decreases, cutting speed 
increases. The less paper material there is to evaporate with laser beam, the faster the cutting is 
(Malmberg et al., 2006). 
 
22.3 Bulk of paper material  
 
Bulk is one of most important properties of paper material. Bulk means specific volume of paper 
material; it is opposite number of density. So the denser the paper is, the lower the bulk is. This 
property of paper material is required for example, when high stiffness of material is needed. 
 
Malmberg et al. (Malmberg et al., 2006) studied effect of bulk of paper material to cutting speed of 
laser cutting. CTMP and pine pulp were cut with laser beam with constant laser power of 90 W and 
550 W. Figure 22.4 shows results of this experiment.  
 
As it can be noticed from figure 22.4, when bulk of paper material increases, cutting speed 
increases. The higher the bulk is, the less dense the material is. The less material there is to be 
evaporated, the faster the laser cutting is (Malmberg et al., 2006). 
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Figure 22.2.  Grammage of paper material as function of laser cutting speed (Joore and 

Hüsslage, 2003). 

 
Figure 22.3. Effect of paper material thickness to cutting speed, when paper materials were cut 

with CO2 laser beam with constant laser power of 550 W (Malmberg et al., 2006). 
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22.4 Moisture content of paper material 
 
Moisture content of paper materials has strong effect on laser cutting of these materials. When 
moisture content increases: 
 
- heat conductivity of paper materials increases, 
- reflection of paper material increases and 
- part of laser power is consumed to vaporisation of water. 
 
Water absorbs very well the wavelength of CO2 laser beam (Ojala, 1993b). 
 
Malmberg et al. (Malmberg et al., 2006) studied effect of dry matter content with 175 g m-2 CTMP, 
pine and birch pulp. Comparison was done between 20 %, 50 % and 94 % solid contents. Figures 
22.5-22.7 show illustrations from cutting curves with different dry matter contents.  
 
As it can be seen from figures 22.5-22.7, need of laser power increases as a function of water 
content in samples. More heat is needed to vaporize higher water amounts (Malmberg et al., 2006). 

 
 
Figure 22.4. Effect of bulk of paper material to cutting speed, when paper materials were cut 

with CO2 laser beam with constant laser power of 90 W and 550 W (Malmberg et 
al., 2006). 

 
22.5 Coating of paper material 
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) mentioned in their 
studies that there is no difference between different paper materials, when they are cut with laser 
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beam. But they especially mentioned that if paper material was coated, there was severe colouring 
of cut kerf and formation of smoke was slight depending on quality of coating. When cutting 
parameters were changed and fume extraction was proper there was adequate cutting quality.   
 
Ainsworth (Ainsworth, 1978) mentioned in his study that unburned particles left from laser cutting 
of coated paper materials had to be somehow removed from paper surface.  

 
 

Figure 22.5. Laser cutting limits with different dry matter content on 175 g m-2 CTMP samples 
(Malmberg et al., 2006). 
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Figure 22.6. Laser cutting limits with different dry matter content on 175 g m-2 pine pulp 
samples (Malmberg et al., 2006). 

 
 

Figure 22.7.  Laser cutting limits with different dry matter content on 175 g m-2 birch pulp 
samples (Malmberg et al., 2006). 
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Ramsay and Richardson (Ramsay and Richardson, 1992) stated in their study that because of 
problems in removing large amounts of clay (kaolin) remains after laser cutting, whole laser cutting 
process of coated paper materials was not successful.  
 
Rämö and Malmberg et al. (Rämö, 2004; Malmberg et al., 2005; Malmberg et al., 2006) studied 
effect of paper material coating to success of laser cutting. Figure 22.8 and 22.9 illustrates the effect 
of coating to the dependency of laser power and cutting speed, when uncoated, calcium carbonate 
and clay coated boards were cut with laser beam. Figure 22.10 shows the same effect, when boards 
with carbonate and clay blended coatings were laser cut (Malmberg et al., 2005). 
 
As it can be seen from figure 22.8-22.10, it was found that laser power was linearly dependent on 
cutting speed, when uncoated and CaCO3 coated boards were laser cut with laser power values of 
110-1500 W. With increase of laser power also the cutting speed increased. When cutting of coated 
board was done with higher laser power values than 800-1500 W, dependence between laser power 
and cutting speed was strongly nonlinear. This laser power value is called in this study as power 
limit. In this range increase of laser power meant decrease in cutting speed or constant cutting 
speed. The exact laser power value where the linear behaviour changed to nonlinear depended on 
coating and amount of coating. This was probably due to high light scattering and refraction ability 
of coating pigments (Malmberg et al., 2005). 
 
It is known that CaCO3 decomposes in temperature of 825˚C to calcium oxide CaO and carbon 
dioxide CO2. This reaction is endothermic and this way consumes energy of laser beam. It is also 
known that CaO formed in decomposition reaction of CaCO3 absorbs well far infrared light. CaCO3 

also absorbs far infrared light but this absorption is slight, only about 6.4 % (Rämö, 2004).  
 

 
 

Figure 22.8. Effect of laser power on cutting speed, when uncoated board and calcium 
carbonate coated boards were cut with laser beam (Malmberg et al., 2005). 
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Figure 22.9. Effect of laser power on cutting speed, when uncoated and clay coated boards 

were cut with laser beam (Malmberg et al., 2005). 

 
Figure 22.10. Effect of laser power on cutting speed, when uncoated and boards with CaCO3 

and clay mixture coatings were cut with laser beam (Malmberg et al., 2005). 
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Higher grammage of coating in board samples caused the nonlinear behaviour to begin with lower 
laser power values. Increased amount of coating caused stronger scattering and absorption of laser 
light due to larger amount of matter (Rämö, 2004). 
 
Nonlinear dependence between laser power and cutting speed also produced broader kerf widths. 
This was also with boards with high CaCO3-coating amount. It can be that scattering properties of 
coating pigments and blue flame caused intensity of energy to distribute to wider area and this was 
noticed as broader kerfs. Also higher amount of pigment particles meant more scattering and that 
resulted broader kerfs (Malmberg et al., 2005). 
 
When cutting was done from bottom side (uncoated side) of CaCO3-coated samples laser power 
depended linearly on cutting speed, but in certain laser power limit value it turned to be non-linear. 
This laser power limit value was higher, when cutting from bottom side than when cutting from top 
side. In some cases, no turning to non-linear behaviour occurred. No overall conclusion of when 
and why this phenomenon occurred could draw. Cutting kerf width also stayed constant, when 
bottom side cutting was done in linear zone, otherwise kerf width increased. Cutting from uncoated 
side of board could be a solution, when trying to avoid the blue flame and non-linear behaviour of 
laser cutting of boards (Malmberg et al., 2005). 
 
The cut kerf with uncoated and CaCO3-coated board was V-shaped. The kerf was broader from the 
side which was in contact with laser beam. The top of the cutting kerf was always wider than 
bottom. This may be related to the laser beam caustics (laser beam is diverging outside of focal 
point), and to the material thickness which was large compared to beam caustics (Malmberg et al., 
2005). 
It was noticed that laser power depended also linearly on cutting speed, when uncoated and clay 
coated boards were laser cut with power range of 110-1300 W. When cutting of coated board was 
done with higher laser power values than 1300-1700 W, dependence between laser power and 
cutting speed was strongly nonlinear. This power limit was higher with clay than with calcium 
carbonate (Malmberg et al., 2005). 
 
When cutting clay coated board with high laser power values cutting speeds were reduced as it 
happened with calcium carbonate coated samples. However, this reduce was slighter with clay than 
with calcium carbonate. Clay as a mineral pigment scattered and refracted laser light (Malmberg et 
al., 2005). 
 
Increase in grammage of clay coating decreased the cutting speed compared to uncoated board. This 
same non-linear behaviour occurred also with CaCO3-coated boards. This was due to higher amount 
of matter which had to be evaporated (Malmberg et al., 2005). 
 
Crystal water of clay leaves clay structure in temperature of 450˚C and this reaction changes the 
structure of clay. This reaction consumed laser energy so the reaction was endothermic. 
Decomposition also changed the structure of pigment and optical properties of it (Rämö, 2004). 
 
When cutting clay coated samples from bottom side of sample, laser power depended linearly on 
cutting speed but in certain laser power limit value it turned to be non-linear. This happened also 
with calcium carbonate coated boards. This power limit was remarkably higher than when cutting 
from top side (Malmberg et al., 2005). 
 
Also some board samples coated with mixtures of CaCO3/clay were cut with laser beam. The 
nonlinear dependence between laser power and cutting speed occurred also in these tests. It was 
also noticed that these curves followed the cutting curve of CaCO3 coated samples. It could be so 
that calcium carbonate as a coating pigment was the dominant pigment, when thinking of decrease 
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in cutting speed. This decrease of cutting speed was more significant with coating mixtures than 
with separate pigments. This can partly explain by the fact that CaCO3 has little higher refraction 
index than clay. It can be partly explained by the fact that both pigment types together catalyzed 
decomposition (Malmberg et al., 2005). 
 
Blue flame observed with CaCO3 coated boards occurred also with clay coated board. It appears 
that blue flame phenomenon as non-linear dependence between laser power and cutting speed 
emerge, when mineral pigment coated boards are laser cut (Rämö, 2004; Malmberg et al., 2005; 
Malmberg et al., 2006). This blue flame phenomenon is discussed later in this literature review. 
 
IV PHENOMENA OCCURING DURING INTERACTION OF LASER BEAM AND 

PAPER MATERIAL 
 
23 Effect of laser cutting on quality of paper materials  
 
Ainsworth (Ainsworth, 1978) noticed in his microscope analysis that there were no loose fibres in 
cut edge. Instead mechanical edge contained a lot of loose fibres to cut edge. When laser cutting 
was succeeded there was no colourisation in cut edge. He concluded that laser cut edge is 
recyclable.   
 
Federle and Keller (Federle and Keller, 1992a; Federle and Keller, 1992b) compared cut edge 
quality of cut edge of laser cut and mechanical cut paper material. They noticed that cut edge of 
mechanically cut paper material was uneven, when cut edge of laser cut paper material was even 
and smooth. Mechanically cut edge contained some loose fibres that reduced tear resistance of 
paper (Crawford, 1981). 
 
Joore and Hüsslage (Joore and Hüsslage, 2003) mentioned in their study that cut edge quality of 
laser cut board samples was unsatisfying. Kerf cut from top surface had greyish colour. They 
noticed that this colouring did not depend on cutting speed (see figure 23.1).  
 

 
 
Figure 23.1.    Grey colour of laser cut boards (Joore and Hüsslage, 2003). 
 
Cut quality of laser cut boards was still better in every case, when it was compared with 
mechanically cut edge quality (see figure 23.2) (Joore and Hüsslage, 2003). 
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Acher, Pages et al. (Archer et al., 2005) noticed in their study that the result of laser cutting of 
office paper (with diode laser) is tidy on both sides of the paper. Figures 23.3 b and 23.3 c give 
closer view of cuts. 

 
 
Figure 23.2.   Mechanically cut (pictures in upper row) and laser cut (pictures in lower row) 

board samples, when board with grammage of 600 g m-2 was cut with CO2 laser 
with power value of 1700 W (Joore and Hüsslage, 2003). 

 
Figure 23.3.    Laser cuts obtained on paper marked using black marker ink: a) showing 

interruption of the cut, when the laser moves outside the marked area; b) top close 
view; c) close view on the reverse side of the paper (Archer et al., 2005). 

 
Cutting experiments have also been performed on traces made with the invisible NIR ink. A typical 
result is shown in figure 23.4, corresponding to a cutting speed of 0.75 m min-1. The cut is tidy with 
only a barely visible black line on each side of the cut, corresponding to local burning of the paper 
(Archer et al., 2005). 
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Figure 23.4.    Laser cut obtained on paper marked using infrared invisible ink (Archer et al., 
2005). 

 
Malmberg et al. (Malmberg et al., 2006) concluded that laser cut edges are clean, sealed and 
contained no out-sticking fibre endings sticking. Laser cutting does not affect the properties of the 
fibre material and further processing of material is problem-free. Also recycling of material with 
laser cut edges is problem-free. In figure 23.5 is shown some SEM images about laser cut kerf and 
cut edge of different paper materials (Malmberg et al., 2006). 
 

a)                                                b) 

  
                          Birch pulp 175 g/m²                              Birch pulp 175 g/m² 
 

c)                                             d)                                            e) 

 
Uncoated solid board 250 g/m²       CaCO3-coated solid board 250 g/m² Clay-coated solid board 250 g/m² 

 
Figure 23.5.  SEM images of laser cut kerf (a and b) and laser cut edge (c, d and e) of different 

paper material (Malmberg et al., 2006). 
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24 Blue flame phenomena of laser cutting of pigment coated or filled paper materials  
 
Malmberg (Malmberg, 2003) noticed that first cutting trials of coated board unexpectedly showed 
some nonlinear dependence between laser power and cutting speed, when cutting had been done 
with laser power values higher than 900 W. This had been surprising, while on the contrary, all 
previous laser cutting studies with uncoated pulp, paper and board had shown clear dependence 
between laser power and cutting speed (Hovikorpi et al., 2004a, Hovikorpi et al., 2004b, Laakso et 
al., 2004). In these first studies with higher values of laser power than 900 W cutting speed had 
been decreased steeply and kerf width increased. There seemed to be laser power limit of cutting 
with these board types. This phenomenon had been found with calcium carbonate and clay coated 
samples (Malmberg et al., 2006). 
 
When this nonlinear behaviour of pigment coated boards occurred in work piece there was a visible 
blue flame. Same phenomenon was also noticed by Ramsay and Richardson (Ramsay and 
Richardson, 1992). They assumed that blue flame was fluorescence arising from thermal excitation 
and thermo ionic emission of clay. Ainsworth (Ainsworth, 1978) noticed that this temperature 
would be 1600˚C with clay pigment.  
 
Rämö (Rämö, 2004) studied this blue flame phenomenon with high speed camera. A HiSIS 2000 
high speed camera was used and 1000 pictures per second were taken. Figure 24.1 shows picture of 
high speed camera, when uncoated board sample was cut with laser beam. 
 

 
 

Figure 24.1. Picture of high speed camera HiSIS 2000 of laser cutting of uncoated board, when 
cutting was done with laser power of 2150 W and cutting speed of 870 m min-1. 
Nozzle stand-off distance was 1 mm and pressure of cutting gas 5 bar (Rämö, 
2004). 

 
As figure 24.1 shows, uncoated board sample was cut with good quality and there was no blue 
flame visible. An interesting note was done, when pressure of cutting gas was increased to 15 bar 
and both argon and carbon dioxide was used as cutting gases; in these conditions there was also a 
blue flame observed. Rämö concluded that this is due to fact that argon absorbs wavelength of laser 
beam of CO2 laser equipment. When such absorption of argon and carbon dioxide exists, atoms of 
gases are excited and discharge of this excitation is seen as blue flame (Rämö, 2004). 
 
Figure 24.2 shows picture of high speed camera, when calcium carbonate coated board sample was 
cut with laser beam (Rämö, 2004). 
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Figure 24.2. Picture of high speed camera HiSIS 2000 of laser cutting of calcium carbonate 
coated board, when cutting was done with laser power of 2150 W and cutting 
speed of 870 m min-1. Nozzle stand-off distance was 1 mm and pressure of cutting 
gas 5 bar (Rämö, 2004). 

 
When calcium carbonate coated boards were cut with laser beam, blue flame was clearly visible, as 
figure 24.2 illustrates. When blue flame was strong, it was noticed that there was some yellowing of 
cut edge. Rämö stated also that as calcium carbonate decomposes to calcium oxide and carbon 
dioxide, blue flame is formed, when carbon dioxide (decomposition product) absorbs this 
wavelength. Excitation of carbon dioxide and discharge of excitation of carbon dioxide are seen as 
blue flame (Rämö, 2004). Figure 24.3 shows picture of high speed camera, when clay coated board 
sample was cut with laser beam (Rämö, 2004). 
 

 
 
Figure 24.3. Picture of high speed camera HiSIS 2000 of laser cutting of clay coated board, 

when cutting was executed with laser power of 2150 W and cutting speed of 870 
m min-1. Nozzle stand-off distance was 1 mm and pressure of cutting gas 5 bar 
(Rämö, 2004). 

 
As figure 24.3 reveals, blue flame was noticed with clay coated boards, when laser cutting was 
performed. Rämö concluded that clay absorbs wavelength of CO2 laser beam and this can be seen 
as blue flame (Rämö, 2004). 
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25 Spectrometer monitoring of laser cutting of paper materials 
 
25.1 Experimental procedure 
 
Piili and Piili et al. (Piili, 2009; Piili et al., 2009) carried out a study of spectrometer monitoring of 
laser cutting of paper material. Aim of this study was to examine, if it is possible to monitor laser 
cutting of mineral pigment coated or filled paper materials  
 
Laser equipment used in this study was TRUMPF TLF 2700 carbon dioxide laser that produces a 
beam with wavelength of 10.6 µm and with power range of 190-2500 W (approximate laser power 
on work piece). Also a fibre spectrometry of Avantes USB2000 was used (Piili, 2009; Piili et al., 
2009). 
 
Ordinary copy paper with grammage of 80 g m-2 and thickness of 96 µm was used in this study. 
Copy papers contain mineral pigment particles as fillers. In this study the chemical characteristics 
of paper and mineral pigments was not further analysed (Piili, 2009; Piili et al., 2009). 
 
Laser beam was delivered to disc station with zero shift bending mirrors and focused to disc with 
LaserMech cutting head. Cutting speeds from 3 m min-1 to 1400 m min-1 can be used with disc 
cutting station. Cutting was performed by rotation of sample and laser beam was stationary (Piili, 
2009; Piili et al., 2009). 
 
Following laser cutting parameters combination were tested in this study (Piili, 2009; Piili et al., 
2009): 
 
1) Focal plane position vs. spectral intensity (with constant cutting speed and laser power) 
 
Aim of this test was to define optimum focal plane position (focal plane position of laser beam) and 
how changes of focal plane position affected spectral intensity. In this study a focal length of 63.5 
mm was used.  
 
2) Laser power vs. cutting speed (with constant focal plane position) 
 
Aim of test of laser power vs. cutting speed (constant focal plane position) was to find the cutting 
limit where cut kerf in paper was totally cut through and no fibre bondings occurred. Purpose of this 
test was also to evaluate how cutting speed depends on laser power. Constant focal plane position 
meant the value which obtains the maximum cutting speed in test of focal plane position vs. cutting 
speed. In this test laser power values were increased gradually until the maximum speed of work 
station was attained. Cutting limit was the maximum cutting speed achieved in each laser power 
value. During each laser cutting spectral data of cutting was received. 
 
3) Constant cutting speed and focal plane position, laser power is increased 
 
Purpose of this test was to determine how increase of laser power affected the spectral data received 
by sensor.  
 
4) Constant laser power and focal plane position, cutting speed is increased 
 
Purpose of this test was to evaluate how increase of cutting speed affected the spectral data received 
by sensor.  
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25.2 Test of focal plane position vs. spectral intensity (with constant cutting speed and 

laser power) 
 
A copy paper with grammage 80 g m-2 and thickness 96 µm was cut with laser beam and spectral 
data of this cutting was examined by a sensor. Figure 25.1 shows spectral data received, when laser 
power and cutting speed was constant but focal plane position was changed (Piili, 2009; Piili et al., 
2009). 
 
As it can be seen from figure 25.1, when copy paper with grammage of 80 g m-2 was cut with laser 
beam there were clear differences in spectral data, when focal plane position was changed. The 
further the focal plane position was from top surface of paper, the lower the intensity of spectral 
data is. On the contrary the closer the focal plane position is to top surface of paper the larger the 
intensity of spectral data is. It can be concluded that change in focal plane position has strong effect 
on spectral data. It is possible to define with this sensor, when there is a change in focal plane 
position (Piili, 2009; Piili et al., 2009). 
 
As it can be seen from figure 25.1, there is a clear intensity peak in all spectral data. It can be seen 
from table 25.1 what is the wavelength where that intensity peak exists for each focal plane position 
(Piili, 2009; Piili et al., 2009). 
 

 
Figure 25.1. Spectral data received by a measurement sensor, when copy paper (grammage 80 

g m-2) was cut with laser beam (wavelength 10.6 µm) and focal plane position was 
changed (Piili, 2009; Piili et al., 2009). 
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Table 25.1 Spectral intensity maximum and corresponding wavelength, when copy paper was 

cut with laser beam and focal plane position was varied (Piili, 2009; Piili et al., 
2009). 

 
Focal plane position, mm -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1 
Maximum intensity, au 296 2357 1895 3613 2538 2614 1007 532 3147 

Wavelength, nm 589 588 589 588 589 589 588 589 588 
 
As it can be seen from table 25.1 the wavelength of this intensity peak for all measurements is 588-
589 nm. For this material the optimum focal plane position (pre-defined) is 0 mm. As it can be seen 
from figure 25.1, intensity peak of this spectral data, which is at wavelength of 589 nm, is the 
strongest. It can be concluded that optimum focal plane position can be defined, when this intensity 
peak is very strong (Piili, 2009; Piili et al., 2009). 
 
25.3 Test of laser power vs. cutting speed (with constant focal plane position) 
 
A copy paper was laser cut and spectral data of this cutting was examined by a sensor. Purpose of 
this test was also to evaluate how cutting speed depends on laser power and how this can be seen in 
spectral data. As it can be seen from figure 25.2, spectral intensity for measured wavelength range, 
when cutting speed vs. laser power was examined (Piili, 2009; Piili et al., 2009). 

 
Figure 25.2. Spectral data received by a measurement sensor, when copy paper (grammage 80 

g m-2) was cut with laser beam (wavelength 10.6 µm) and laser power vs. cutting 
speed was examined (Piili, 2009; Piili et al., 2009). 

 
As it can be observed from figure 25.2, when copy paper with grammage of 80 g m-2 was cut with 
laser beam there are clear differences in spectral data, when laser power and cutting speed were 
varied. The lower the laser power is the lower is the intensity of spectral data received. This is 
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connected to the fact that blue flame occurs only with higher laser power values. The existence of 
this flame can be seen as higher intensity values of spectral data, when laser power values of c. 900 
W is used. It can be concluded that the idea of on-line-monitoring of laser cutting is appropriate in 
application where higher laser power values than 900 W are used. With such a laser power copy 
paper can be cut with laser beam with cutting speed of 924 m/min. Such a speed is enough for 
example for edge trimming applications (Piili, 2009; Piili et al., 2009). 
 
It can also be noticed from figure 25.2 that, when the laser power remains the same but cutting 
speed is varied, there is a difference between spectral data. When the cutting speed is lower the 
intensity of spectral data is higher. There is a cutting speed limit to which it can be increased (with 
constant laser power) to achieve successful laser cutting with good cutting quality. After that cutting 
speed limit the cutting is not successful anymore and it can be seen as incomplete cutting quality. 
When laser power and cutting speed are approaching this limit it can be seen as lower spectral data 
(Piili, 2009; Piili et al., 2009). 
 
As it can be seen from figure 25.2, there is a clear intensity peak in all spectral data. It can be seen 
from table 25.2 what is the wavelength where that intensity peak exists for laser power & cutting 
speed combinations (Piili, 2009; Piili et al., 2009). 
 
Table 25.2 Spectral intensity maximum and corresponding wavelength, when copy paper was 

cut with laser beam and laser power vs. cutting speed was examined (Piili, 2009; 
Piili et al., 2009). 

 
Laser power, W 184 184 554 925 925 1295 1664 1664 

Cutting speed, m min-1 116 462 361 636 924 924 1213 1329 
Maximum intensity, au 21 79 186 975 773 563 2530 1088 

Wavelength, nm 589 596 588 589 589 589 588 588 
 
As it can be seen from table 25.2, the wavelength of this intensity peak for all measurements is 588-
589 nm, except when laser power was 184 W and cutting speed 462 m min-1 the intensity peak was 
at wavelength of 596 nm (Piili, 2009; Piili et al., 2009). 
 
As figure 25.2 reveals, the height of the intensity peak was the larger, when the higher laser power 
value was used. This also gives a clue that blue flame phenomena and high intensity peak are 
related to each other (Piili, 2009; Piili et al., 2009). 
 
25.4 Tests of constant cutting speed and focal plane position vs. laser power 
 
A copy paper was cut with laser and spectral data of this cutting was received by a sensor. Purpose 
of this test was to determine how increase of laser power affected the spectral data received by 
sensor. Constant cutting speed in this test was 116 m min-1 and constant focal plane position 0 mm. 
Figure 25.3 represents the spectral intensity for measured wavelength range, when cutting speed 
was constant but laser power was increased (Piili, 2009; Piili et al., 2009). 
 
As figure 25.3 shows, with constant cutting speed and focal plane position, the increase in laser 
power meant higher intensity of spectral data. When laser power was larger than 900 W, there was a 
clear increase in intensity. This is assumed to be related to existence of blue flame. When range of 
focal point of laser beam on the top surface of paper sample is 80 µm, this energy intensity over 
which the intensity peak exists is 1.79  1011 W mm-2 (Piili, 2009; Piili et al., 2009). 
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Figure 25.3. Spectral data received by a measurement sensor, when copy paper (grammage 80 

g m-2) was cut with laser beam (wavelength 10.6 µm), cutting speed and focal 
plane position were constant and laser power was increased (Piili, 2009; Piili et 
al., 2009). 

 
As it can be observed from figure 25.3, there is a clear intensity peak in all spectral data. It can be 
seen from table 25.3 what is the wavelength where that intensity peak exists for each laser power 
values (Piili, 2009; Piili et al., 2009). 
 
Table 25.3 Spectral intensity maximum and corresponding wavelength, when copy paper was 

cut with laser beam and focal plane position and cutting speed were constant but 
laser power was increased (Piili, 2009; Piili et al., 2009). 

 
Laser power, W 185 554 925 1294 1664 2055 

Maximum intensity, au 21 33 455 431 677 1064 
Wavelength, nm 589 590 588 589 589 589 

 
As it can be seen from table 25.3, the wavelength of this intensity peak for all measurements is 588-
590 nm. The height of the intensity peak was the larger, when the higher laser power value was 
used. This also gives a clue that blue flame phenomena and high intensity peak are related to each 
other (Piili, 2009; Piili et al., 2009). 
 
25.5 Test of constant laser power and focal plane position vs. cutting speed  
 
An ordinary copy paper was cut with beam produced by carbon dioxide laser and spectral data of 
this cutting was measured by a sensor. Aim of this test was to evaluate how increase of cutting 
speed affected the spectral data received by sensor. Constant laser power in this test was 2055 W 
and constant focal plane position 0 mm. Figure 25.4 reveals the spectral intensity in measured 
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wavelength range, when laser power was constant but cutting speed was increased (Piili, 2009; Piili 
et al., 2009). 
 
As figure 25.4 shows, with constant laser power and focal plane position, the increase in cutting 
speed meant lower intensity of spectral data. The lower the cutting speed is the longer time the laser 
beam is in contact with copy paper and this way the stronger the blue flame phenomena is (Piili, 
2009; Piili et al., 2009). 
 
On the contrary to previous measurement tests (as it can be seen from figure 25.4), there was 
several clear intensity peaks in all spectral data. It can be seen from table 25.4 what is the 
wavelength where that intensity peaks exists for each cutting speed values (Piili, 2009; Piili et al., 
2009). 
 
As it can be seen from table 25.4 (Piili, 2009; Piili et al., 2009): 
- cutting speed 14 m min-1: 5 intensity peaks 
- cutting speed 29 and 58 m min-1: 4 intensity peaks and 
- cutting speed 116 m min-1: 3 intensity peaks. 
 

 
Figure 25.4. Spectral data received by a measurement sensor, when copy paper (grammage 80 

g m-2) was cut with laser beam (wavelength 10.6 µm), laser power and focal plane 
position were constant and cutting speed was increased (Piili, 2009; Piili et al., 
2009). 

 
The height of the intensity peak was the larger, when the lower cutting speed value was used. This 
also gives a clue that blue flame phenomena and high intensity peak are related to each other. The 
lower the cutting speed is the longer time the laser beam is in contact with copy paper and this way 
the stronger the blue flame phenomena is (Piili, 2009; Piili et al., 2009). 
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Table 25.4 Spectral intensity maximum and corresponding wavelength, when copy paper was 

cut with laser beam and focal plane position and laser power were constant but 
cutting speed was increased (Piili, 2009; Piili et al., 2009). 

 

 
Cutting speed 

14 m min-1 
Cutting speed 

29 m min-1 
Cutting speed 

58 m min-1 
Cutting speed 
116 m min-1 

Maximum intensity 1, au 1803 974 742 676 
Wavelength 1, nm 554 553 553 551 

Maximum intensity 2, au 2865 1758 1188 1064 
Wavelength 2, nm 589 589 589 589 

Maximum intensity 3, au 2297 1163 810 703 
Wavelength 3, nm 622 622 623 624 

Maximum intensity 4, au 1645 0 0 0 
Wavelength 4, nm 643 0 0 0 

Maximum intensity 5, au 1883 797 339 0 
Wavelength 5, nm 767 767 767 0 
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EXPERIMENTAL PART 
 
26 Introduction 
 
Paper industry is under many kinds of pressures and threats in Europe and especially in Finland. 
New bigger and faster machines are being built to Asia and South America and at the same time the 
paper consumption is decreasing due to growing number of substitutive electronic solutions such as 
e-books etc. Therefore this industry must be able to find new technologies, which can lower the 
costs and enable better quality and more flexibility. Also new innovations such as smart packages 
can enhance industry by creating new products and this way new production. 
 
Finland has a long tradition of being in the front line when it comes to new innovations in paper 
industry. These innovations have made it possible to still have paper industry and also to have a 
strong network of companies producing paper machines, their parts and know-how. However, it is a 
never ending race against competitors and new challenges regarding environmental regulations etc. 
Laser technology is one solution which can provide some competitive edge and keep the industry 
here a bit longer. At the same time gaining know-how in laser processing may usher in a new group 
of companies and new high-tech industry may take the place of decreasing smokestack industry.          
 
Laser beam and paper material interaction and fundamentals of it are crucial for total understanding 
of any process between laser beam and paper material. Via understanding of the interaction the 
process development can be carried further out and even new innovations created. There is clear 
lack of this kind of information which also prevents wider utilization of laser technology in paper 
making and converting industry.  
 
27 Aim and purpose of experimental part 
 
Aim of the experimental part of this thesis was to characterise interaction between laser beam and 
paper material. 
 
This study was carried out in Laboratory of Laser Processing at Lappeenranta University of 
Technology (Finland). Laser equipment used in this study was TRUMPF TLF 2700 carbon dioxide 
laser that produces a beam with wavelength of 10.6 µm and with power range of 190-2500 W 
(approximate laser power on work piece).  
 
Study of laser beam and paper material interaction was carried out by treating dried kraft pulp 
(grammage of 67 g m-2) with different laser power levels, focal point settings and interaction times. 
Interaction between laser beam and dried kraft pulp was detected with different monitoring devices, 
namely spectrometer, pyrometer and active illumination imaging system. Evaluation of usability of 
these devices was also carried out. 
 
Laser beam and dried kraft pulp interaction was characterised with assist of following monitoring 
methods: 
- spectrometer of HR2000+ by Ocean Optics, 
- pyrometer of Temperature-Control-System TCS by Thyssen Laser-Technik and  
- active illumination imaging system by Cavitar. 
 
Pyrometer and spectrometer are used for observing the radiation emitted by process. Spectrometer 
measures intensity of light over a defined wavelength range (194-652 nm) and pyrometer monitors 
thermal radiation from two narrow ranges in IR wavelength range (1200-1400 nm and 1400-1700 
nm). Spectrometer can be used for detecting emission and intensity of different wavelengths as a 
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function of time. It is possible to determine surface temperature of the object with pyrometer. 
Active illumination imaging system can be used to take videos from bright sources still avoiding the 
high brightness of the source to cause over exposure of the camera cell. Result of interaction was 
also analysed afterwards with microscope.  
 
This way it was possible to create an input and output parameter diagram and study the effects of 
input and output parameters. When this interaction is understood also process development can be 
carried out and even new innovations found out. There is clear lack of this kind of information 
which also prevents wider use of laser technology in paper making and converting industry.  
 
I MATERIALS AND EQUIPMENT 
 
28 Materials 
 
Laser treatment of paper material was carried out with dried kraft pulp with grammage of 67 g m-2. 
Grammage is term used in paper technology to describe the weight of paper material per unit of 
area. Dried kraft pulp was selected to be test material since it is pure natural material without any 
additional components. The dried kraft pulp mixture selected was such a mixture of birch pulp and 
pine pulp that it represents usual dried kraft pulp content of commercial paper grades. 
 
Dried kraft pulp samples used for thesis were so called handsheets manufactured in Laboratory of 
Fibre and Paper Technology of LUT Chemistry at Lappeenranta University of Technology 
(Finland). Pulp mixture used consisted 60 % of birch pulp and 40 % of pine pulp. Handsheet is a 
single sheet of paper material made by a manual process for testing purposes. Handsheets are 
widely used in paper technology to determine properties of paper material, like mechanical 
properties and optical properties. Handsheets were manufactured according to standards of SCAN-
C 26:76 and SCAN-M 5:76. Properties of dried kraft pulp used in this thesis are introduced in table 
28.1. 
 
Table 28.1 Components of dried kraft pulp used in this study. 
 

 Dried kraft pulp 
Birch pulp content, % 60 
Pine pulp content, % 40 

Grammage, g m-2 66.9 
Thickness, µm 73.6 

 
All cutting samples were conditioned before cutting trials (environment 50 % relative humidity, 23 
oC) according to standard SCAN-P 2:75 such that the water content in samples was 6 - 8 % during 
experiments. Samples were wrapped into aluminium folio and stored in airtight and light proof 
plastic bags before cutting trials to keep the water content constant and avoid contact with day light. 
 
Cellulose, hemicelluloses and lignin content for original birch and pine tree and for birch pulp and 
pine pulp (Sjöström et al., 1977) are shown in table 28.2. 
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Table 28.2 Cellulose, hemicelluloses and lignin content of birch pulp and pine pulp (Sjöström 
et al., 1977). 

 
Component Original birch tree Birch pulp Original pine tree Pine pulp 
Cellulose, % 40 34 39 35 

Hemicellulose, % 33 17 17 9 
Lignin, % 20 2 25 3 

Other extractives, % 7 0 19 0 
Yield, % 100 53 100 47 

 
29 Laser equipment  
 
The laser source used in experiments was a Trumpf TLF 2700 HQ carbon dioxide laser in which 
carbon dioxide is the lasing medium and which produces laser beam with wavelength of 10.6 µm 
(far infrared region). This wavelength has the highest absorption for paper and board cutting 
applications available in high power (Rickli, 1982; Ramsay and Richardson, 1992; Laakso et al., 
2004; Malmberg et al., 2006). Laser equipment used in this thesis is introduced in figure 29.1. 
 

 
Figure 29.1.  Laser equipment TRUMPF TLF 2700 HQ. 
 
This laser equipment was operated in power range from 115 W to 2700 W. Trumpf CO2 laser is a 
radio frequency exited fast-axial-flow laser. HQ states high beam quality. 
 
30 Laser work station 
 
Laser beam is delivered to XY table with mirrors, circular polarizer and focused to sample with 
Precitec DXN cutting head. Laser beam is circularly polarized. Cutting head is designed for focal 
length of 63.5 mm, 127 mm and 190.5 mm, such that focal plane position and nozzle stand-off 
distance can be varied. Focal length of 127 mm was used in this thesis. There is no height 
compensation in used cutting head. Figure 30.1 illustrates XY station. 
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Figure 30.1 shows that XY station board consists of aluminium honeycomb cell but in this thesis a 
table made of board was used to avoid reflections to bottom side of sample from aluminium table. 
 
Focal plane position relative to cutting head was defined with laser pulses to anodized aluminium 
plate. Zero focal position was the smallest spot on aluminium plate.  
 

 
 
Figure 30.1. XY station used in this study. 
 
Vacuum suction trough the working table of XY station keeps samples fixed to table during laser 
processing. Suction also removes fumes produced during laser beam and material interaction. 
Before each cutting the following parameters are set: focal plane position, nozzle stand-off distance, 
minimum and maximum laser power and cutting gas pressure. Figure 30.2 shows detailed image of 
cutting head and XY station used in this thesis. 
 
31 Beam analysis equipment 
 
Beam analysis was carried out by Primes FocusMonitor device of Department of Production 
Engineering of Tampere University of Technology (Finland). It provides fully automated caustic 
measurement with the integrated z-axis and determination of focal point width and position based 
on the measured intensity distribution. This equipment can measure power range of 100 W-20 kW 
for CO2 laser. Figure 31.1 shows the device (Anon., 2012a). 
 

Cutting head

Table for samples



 

 

110 (265)

 
 
Figure 30.2. XY station and cutting head. 

 
 
Figure 31.1. Primes FocusMonitor beam analysis device (Anon., 2012a). 
 
Principle of Primes FocusMonitor is based on rotating pinhole. Principle of device is illustrated in 
figure 31.2 (Anon., 2012b). 
 
This pinhole is used to couple out small part of radiation in the focus region. Signal radiation is 
directed to the detector with mirrors. Then the electrical signals are digitised with work pieces 
power densities of several MW/cm². The positions of the scanning traces (x) are movable in y- and 
z-direction. So it is possible to measure a complete beam caustic within some minutes (Anon., 
2012b). 
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Figure 31.2. Principle of Primes FocusMonitor beam analysis device (Anon., 2012b). 
 
32 Monitoring equipment 
 
32.1 Spectrometer 
 
The used spectrometer Ocean Optics HR2000+ can be used to detect emission spectrum of a light 
source. Spectrometer measures emission intensity on specific wavelength interval. The 
measurement of emission is done with CCD-array-detector. The HR2000+-spectrometer is 
responsive to wavelengths from 194-652 nm, but the specific range and resolution of monitoring 
system can be modified within this range with filter grating and entrance slit selections. It is also 
possible to adjust the integration time of spectrometer. Integration time means the time of CCD-
array being exposed to the light when taking one image. 
 
The monitoring device consists of a detector head, an optical fibre, which carries the encoded signal 
and a spectrometer, which reproduces the signal. The spectrometer is connected to the PC via USB. 
PC is used to storage data in text format and to analyse the data in real-time with the SpectraSuite-
software of the monitoring system. The figure 32.1 shows the HR2000+ spectrometer. 
 
32.2 Pyrometer 
 
Pyrometer, Temperature-Control-System (TCS), is used for on-line temperature measuring and 
controlling of laser power for example with laser surface treatment processes. TCS is so called two 
colour pyrometer, which means that it measures two wavelength ranges. System consists of 
measuring optics with optical fibre, industrial PC measuring software. The TCS- system is shown in 
the figure 32.2. 
 



 

 

112 (265)

 
 

Figure 32.1.  Spectrometer by Ocean Optics. 
 
Pyrometers have been used to measure the thermal distribution in laser processes. Work piece is 
heating due to exposed laser radiation, which causes emission of thermal radiation. Measuring 
optics captures this thermal radiation and transmits data into pyrometer, which divides the radiation 
in two measuring ranges. Measuring ranges are between 1200 nm and 1400 nm and between 1400 
nm and 1700 nm. For each of these ranges a photo detector turns the radiation intensity into a 
photocurrent. The ratio of these photocurrents does not depend on the spectral emission coefficient 
of the work piece surface. This allows a temperature measurement at different surfaces or materials 
without knowing the emissivity coefficient of the material and the change of it as function of 
temperature. Therefore new calibration of the pyrometer is not needed in theory. 
 

 
 
Figure 32.2. Pyrometer by TCS. 
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Pyrometer uses round-shaped detecting area, which can be focused. It is possible to use target 
lighting (laser pointer) for guiding the pyrometer measuring optics. In case of small emitting area it 
is reasonable to use small detection area, such that the temperature difference between cooler 
background and the warm area is minimal. Software of the TCS saves the temperature data as txt-
file, which could be analysed with the Excel spreadsheet program. 
 
32.3 Active illumination imaging system 
 
This system is designed for taking videos of bright objects. This monitoring method consists of 
control unit, illumination system, control software and CCD-camera; figure 32.3 represents 
components of active illumination imaging system. 
 
Operating principle consists of use of single wavelength light source (diode laser). The single 
wavelength is used to overcome the light of the process; the camera has an optical filter with 
transmission to equivalent wavelength. This solution prevents solarise/overexposure of the cameras 
CCD array. Even with low speed camera this arrangement enables visualisation of phenomena that 
are very difficult to found out by human eye or any other monitoring methods. 
 
Cavilux HF illumination system is based on diode laser which works on near infrared range (810 
nm). The laser power of Cavilux HF is up to 500 W and it is capable to repeat pulses at high or 
ultra-high speed. Thus the most limiting factor is the used camera system and its compatibility to 
take high speed videos. The collected data builds up of individual frames, which can be joined to 
form a video. 
 
33 Microscope equipment 
 
Microscope used in this thesis was carried out with Zeiss IM 35 microscope with camera by Infinity 
Light. Software used for image capture and also for hole dimension measurements was iSolution 
lite (2001-2007). Figure 33.1 shows image of microscope used in this thesis. 
 

 
 
Figure 32.3. Active illumination imaging system by Cavitar. 
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Figure 33.1. Microscope by Zeiss. 
 
II  Experimental set-up 
 
34 Input-output parameter system of interaction of laser beam and paper material 
 
This thesis studies and focuses to understand basic phenomena of interaction between laser beam 
and paper material. Paper material used in this thesis was dried kraft pulp. Key issue to whole 
experimental part is to understand input and output parameters, their effect on interaction and 
relations between input and output parameters. Based on these analyses a model about phenomena 
in interaction of laser beam and paper material can be created. All tests were planned by input-
output parameters system which is described in figure 34.1. 
 

 
 

Figure 34.1.  Input-output parameters system used to study interaction of laser beam and paper 
material. 
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35 Laser treatment and monitoring procedure 
 
In this study spectrometer sensor, pyrometer and illumination source and camera were in fixed 
location in XY table with off-axis view to process. Figure 35.1 represents set-up used in this study. 
 

 
Figure 35.1. Experimental set-up used for monitoring of laser beam and dried kraft pulp 

interaction. 
 
Figure 35.2 illustrates detailed set-up for spectrometer used in this study. 
 

 
Figure 35.2. Experimental set-up used for spectrometer monitoring of laser beam and dried 

kraft pulp interaction. 
 
Figure 35.3 illustrates detailed set-up for pyrometer used in this study. 
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Figure 35.3. Experimental set-up used for pyrometer monitoring of laser beam and dried kraft 

pulp interaction. 
 
Figure 35.4 illustrates detailed set-up for active illumination imaging system used in this study. 
 

 
Figure 35.4. Experimental set-up used for active illumination imaging system monitoring of 

laser beam and dried kraft pulp interaction. 
 
Laser treatment of dried kraft pulp was carried out without nozzle of cutting head since it was 
disturbing “visibility” of monitoring sensor.  
 
Used focus lens had focal length of 63.5 mm (2.5”). Gas pressure of cutting gas was 0.5 bar so that 
gas was shielding focus lens from smoke and debris released during laser treatment of dried kraft 
pulp. Cutting gas used was compressed air. 
 
Laser treatment of dried kraft pulp was done by shooting a pulse to material with adjusted 
parameters. Before each treatment all monitoring devices were switched on and then laser treatment 
was executed and after that each monitor device were switched off. 
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36 Beam analysis procedure 
 
Beam analysis was carried out with Primes FocusMonitor device. Set-up is shown in figure 36.1. 

 
Figure 36.1. Experimental set-up used for beam analysis. 
 
Beam analysis was carried out for all used laser power levels.  
 
37 Micrographic analysis 
 
In this thesis holes produced as result of laser beam and paper material interaction were measured 
with optical microscope. Micrographs of laser treated dried kraft pulp samples were divided into 
two categories: 
- macrographs (4 x magnification setting of microscope) 
- micrographs (8 x magnification setting of microscope). 

 
Micrographs and macrographs were taken from both top side and bottom side of dried kraft pulp 
sample as table 37.1 shows. This procedure was carried out for all laser treated samples in this 
thesis.  
 
Table 37.1 Definition of micrographs and macrographs taken in this thesis. 
 

Top side Bottom side 
Macrograph Micrograph Macrograph 
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Software used for image capture and also for hole radius measurements was iSolution lite (2001-
2007). Macrographs were used for hole radius measurement by fitting ten data points around each 
hole followed with software calculation of estimated hole radius. Hole radius was measured from 
top and bottom side of laser treated dried kraft pulp sample. This principle is shown in figure 37.1. 
 

 
Figure 37.1. Hole radius measurement with software of iSolution lite. 
 
As it can be noticed from table 37.1, there is also clear area of black debris assumably formed as 
thermal impact of laser beam. Also the radius of this black debris was measured from both top and 
bottom side of each sample according to figure 37.1, as figure 37.2 shows. 
 
Table 37.2 summarises all radius measurements done for each laser treated sample in this thesis. 
 
Table 37.2  Macrographic radius measurements done for each laser treated sample in this thesis. 

Top side 
Radius of hole

Radius of hole and black debris

Bottom side 
Radius of hole

Radius of hole and black debris
 

 
Figure 37.2. Measurement of radius of hole and black debris with software of iSolution lite. 
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38 Terminology used in analysis of interaction of laser beam and paper material 
 
Some terminology was created for this thesis to be able to characterise systematically results and to 
understand effect of input and output parameters presented in figure 34.1. 
 
Peak intensity (PI) PI is used in this thesis as abbreviation to describe peak intensity. Peak intensity 
is measured and calculated by Primes FocusMonitor beam analysator. Peak intensity is a value to 
describe amount of laser power in certain beam cross-section area of beam profile, unit for this is 
kW cm-2.  
 
Interaction temperature Interaction temperature in this thesis means temperature on top of dried 
kraft pulp when laser beam interacts with material. In this thesis this was analysed with pyrometer. 
 
Interaction time Interaction time is in this thesis determined to express the time how long top 
surface of dried kraft pulp is in contact with laser beam. This was adjusted with pulse length. 
 
Interaction cross-section area (ICA) ICA is in this thesis is used to describe area on top of dried 
kraft pulp surface which is in interaction with laser beam. 
 
Interaction-input parameters (I-I parameters) (see figure 34.1) This term is considered to cover all 
parameters going in to laser beam and paper material interaction: beam parameters, such as beam 
diameter and peak intensity, laser power, focal plane position and pulse length. 
 
Interaction-output parameters (I-O parameters) (see figure 34.1) These parameters consist of all 
out coming parameters during interaction of laser beam and paper material. These mean all 
parameters coming out from monitoring devices, such as maximum spectral intensity of 
spectrometer, maximum temperature of pyrometer and images of active illumination imaging 
system. 
 
Post-interaction parameters (PI-O parameters) (see figure 34.1) All parameters after interaction 
between laser beam and paper material, like measured hole diameter, belong to these parameters.  
 
39 I-I parameters used to analyse interaction of laser beam and paper material 
 
39.1  Laser power, focal plane position and pulse length  
 
Table 39.1 shows laser power and focal plane positions used in this study to study interaction 
between laser beam and paper material. Laser power expressed in table 39.1 is value in work piece. 
This value calculated from laser power in output mirror of laser equipment (shown by equipment 
itself) and multiplying this value with experimental coefficient that takes into account laser power 
losses to mirrors, lenses etc. This coefficient is defined experimentally for each focal lens used and 
it was in this thesis 0.85 which means that 15 % of output power of laser beam is lost to mirrors, 
lenses etc. as a heat i.e. 85 % of total laser power in output mirror is in top surface of work piece. 
 
For each combination of laser power and focal plane position three different pulse lengths of 10 ms, 
40 ms and 90 ms were used. Table of laser power, focal plane position and pulse length parameter 
combinations is shown in appendix 6.   
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Table 39.1 Laser power and focal plane position combinations used in this thesis. 
 

Test ID 
Laser 

power, W 
Focal plane 

position, mm 
1 139 3.0 
2 145 2.0 
3 139 1.0 
4 142 0.0 
5 140 -1.0 
6 264 3.4 
7 266 2.4 
8 264 1.4 
9 266 0.4 

10 268 -0.6 
11 384 3.5 
12 387 2.5 
13 384 1.5 
14 384 0.5 
15 386 -0.5 
16 494 3.8 
17 494 2.8 
18 494 1.8 
19 503 0.8 
20 503 -0.2 

 
Each combination of laser power, focal plane position and pulse length was repeated four times. 
This is also shown in appendix 6. 
 
39.2  Average laser power 
 
When results were analysed and summarised it was noticed that it is more direct and clear to use 
one value for each used laser power instead of five different values; so average laser power was 
calculated to make analysis of thesis results more straightforward. Average laser power was 
calculated to describe average setting of laser power, as table 39.2 shows. 
 
39.3  Average focal plane position 
 
It was also noticed that in case of average focal plane position analysing results is clearer if just one 
value, namely average focal plane position is used, instead of four different focal plane positions. 
That is why average focal plane position was created to describe average setting of focal plane 
position. Table 39.3 illustrates definition and calculation of average focal plane position. 
 
39.4  BCA 
 
Beam cross-section area BCA means that cross-section area of laser beam where beam hits sample 
top surface. Table 39.4 explains definition of beam cross-section area BCA. 
 
 
 
 
 
 



 

 

121 (265)

Table 39.2 Definition and calculation of average laser power. 
 

Test ID 
Laser 

power, W 
Average 

laser power, W 
1 139 

141 
2 145 
3 139 
4 142 
5 140 
6 264 

266 
7 266 
8 264 
9 266 

10 268 
11 384 

385 
12 387 
13 384 
14 384 
15 386 
16 494 

498 
17 494 
18 494 
19 503 
20 139 

 
Table 39.3 Definition and calculation of average focal plane position. 
 

Test ID 
Focal plane 

position, mm 
Average focal 

plane position, mm 
1 3.0 

3.4 
6 3.4

11 3.5 
16 3.8 
2 2.0 

2.4 
7 2.4 

12 2.5 
17 2.8 
3 1.0 

1.4 
8 1.4 

13 1.5 
18 1.8 
4 0.0 

0.4 
9 0.4 

14 0.5 
19 0.8 
5 -1.0 

-0.6 
10 -0.6 
15 -0.5 
20 -0.2 
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Table 39.4 Example of definition of BCA. 
 

Laser power, W 139 
Focal plane 

position, mm 
3 

Definition of 
BCA 

 
Figure 39.1 explains difference between BCA and ICA. 

 
Figure 39.1. Difference between BCA and ICA. 
 
Appendix 7 shows beam profiles, cross-sections and beam caustics measured with beam profile 
analyser. Appendix 8 shows determination of focal plane positions and corresponding beam 
profiles. Based on this data, table 39.5 introduces BCA for each used laser power and focal plane 
position combination in this thesis. 
 
39.5  BCA86 
 
Very often beam diameter is represented as diameter of 1/e2=0.135 times of total power when 
Gaussian beam profile (TEM00) is discussed. This diameter contains 86 % of all highest laser power 
(Steen, 1991; Siegman, 1997). Beam cross-section area (BCA86) means that cross-section area of 
laser beam where beam hits sample top surface and cross-section area contains 86 % of the beam 
power. Figure 39.6 shows definition of BCA86. Appendix 7 illustrates beam profiles, cross-sections 
and beam caustics measured with beam profile analyser. Table 39.7 shows how BCA86 is 
calculated. 

BCA

BCA

ICA

Laser beam
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Table 39.5 Calculation of BCA. 
 

Test ID 
Laser  

power, W 
Focal plane 

 position, mm 
Radius of  
beam, µm 

Radius of  
beam, mm 

Area of  
beam, mm2 

BCA, mm2 

1 139 3.0 258.0 0.2580 0.2091 0.2091 
2 145 2.0 175.0 0.1750 0.0962 0.0962 
3 139 1.0 124.0 0.1240 0.0483 0.0483 
4 142 0.0 68.7 0.0687 0.0148 0.0148 
5 140 -1.0 72.8 0.0728 0.0167 0.0167 
6 264 3.4 252.0 0.2520 0.1995 0.1995 
7 266 2.4 194.0 0.1940 0.1182 0.1182 
8 264 1.4 133.0 0.1330 0.0556 0.0556 
9 266 0.4 81.2 0.0812 0.0207 0.0207 

10 268 -0.6 74.0 0.0740 0.0172 0.0172 
11 384 3.5 251.0 0.2510 0.1979 0.1979 
12 387 2.5 180.0 0.1800 0.1018 0.1018 
13 384 1.5 121.0 0.1210 0.0460 0.0460 
14 384 0.5 69.5 0.0695 0.0152 0.0152 
15 386 -0.5 74.8 0.0748 0.0176 0.0176 
16 494 3.8 248.0 0.2480 0.1932 0.1932 
17 494 2.8 180.0 0.1800 0.1018 0.1018 
18 494 1.8 118.0 0.1180 0.0437 0.0437 
19 503 0.8 68.8 0.0688 0.0149 0.0149 
20 503 -0.2 79.3 0.0793 0.0198 0.0198 

 
Table 39.6 Example of definition of BCA86. 
 

Laser power, W 139 
Focal plane position, mm 3 

Definition of BC86A 

 
 
 

BCA86
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Table 39.7 Calculation of BCA86. 
 

Test ID 
Laser  

power, W 
Focal plane  

position, mm 
Radius of  
beam, µm 

Radius of  
beam, mm 

Area of 
beam, mm2 

BCA86, mm2 

1 139 3.0 246.0 0.2460 0.1901 0.1901 
2 145 2.0 172.0 0.1720 0.0929 0.0929 
3 139 1.0 120.0 0.1200 0.0452 0.0452 
4 142 0.0 65.8 0.0658 0.0136 0.0136 
5 140 -1.0 70.6 0.0706 0.0157 0.0157 
6 264 3.4 250.0 0.2500 0.1963 0.1963 
7 266 2.4 190.0 0.1900 0.1134 0.1134 
8 264 1.4 129.0 0.1290 0.0523 0.0523 
9 266 0.4 75.4 0.0754 0.0179 0.0179 

10 268 -0.6 68.6 0.0686 0.0148 0.0148 
11 384 3.5 246.0 0.2460 0.1901 0.1901 
12 387 2.5 175.0 0.1750 0.0962 0.0962 
13 384 1.5 118.0 0.1180 0.0437 0.0437 
14 384 0.5 66.8 0.0668 0.0140 0.0140 
15 386 -0.5 74.0 0.0740 0.0172 0.0172 
16 494 3.8 244.0 0.2440 0.1870 0.1870 
17 494 2.8 175.0 0.1750 0.0962 0.0962 
18 494 1.8 115.0 0.1150 0.0415 0.0415 
19 503 0.8 68.8 0.0688 0.0149 0.0149 
20 503 -0.2 79.3 0.0793 0.0198 0.0198 

 
39.6  BCAImax and BCAImin 

 
Beam cross-section area of highest intensity BCAImax and beam cross-section area of lowest 
intensity BCAImin are defined in table 39.8. 
 

Appendix 7 illustrates beam profiles, cross-sections and beam caustics measured with beam profile 
analyser. Table 39.9 shows how BCAImax and BCAImin are defined. 
 
39.7 PImax and PImin 
 
Highest intensity of BCAImax is called PImax and lowest intensity in BCAImin is determined to be 
PImin. These values can be defined as table 39.10 shows. 
 
39.8  Pmax and Pmin 

 
Laser power in BCAImax and BCAImin was decided to use to describe PImax and PImin in BCAImax and 
BCAImin. Pmax is calculated as equation 39.1 shows. 
 

axBCAPIP Immaxmax      (39.1) 

 
where             Pmax laser power in BCAImax, W. 
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Table 39.8 Example of definition of BCAImax and BCAImin. 
 

Laser 
power, W 

139 503 

Focal plane 
position, 

mm 
3 -0.2 

Definition 
of BCAImax 

and BCAImin 

 
Pmin is determined according to equation 39.2. 
 

inBCAPIP Imminmin      (39.2) 

 
where             Pmin laser power in BCAImin, W. 

 
Pmax and Pmin are calculated as equation 39.1 and 39.2 shows in table 39.11. 
 
39.9  Fluence 
 
As different pulse lengths were used, pulse energy was determined first, as equation 39.3 shows. 
 

 
pulse

laser
pulse t

P
E      (39.3) 

 
where            Epulse pulse energy, J 
 Plaser laser power, W 
 tpulse pulse length, s. 

PImin

PImax

PImin

PImax

7.55
MW/cm2

BCAImin

BCAImax

BCAImin

BCAImax
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When pulse energy is divided by BCA, fluence can be calculated as equation 39.4 shows. 
 
Table 39.9 Definition of BCAImax and BCAImin. 
 

Test ID 
Laser  

power, W 
Focal plane  

position, mm 
BCAImax, mm2 BCAImin, mm2 

1 139 3.0 0.00465 0.1660 
2 145 2.0 0.00073 0.0805 
3 139 1.0 0.00237 0.0365 
4 142 0.0 0.00090 0.0133 
5 140 -1.0 0.00056 0.0135 
6 264 3.4 0.01292 0.2047 
7 266 2.4 0.00172 0.0412 
8 264 1.4 0.00543 0.0487 
9 266 0.4 0.00149 0.0168 

10 268 -0.6 0.00144 0.0161 
11 384 3.5 0.00622 0.1667 
12 387 2.5 0.00230 0.0857 
13 384 1.5 0.00385 0.0405 
14 384 0.5 0.00110 0.0138 
15 386 -0.5 0.00121 0.0155 
16 494 3.8 0.01302 0.1881 
17 494 2.8 0.00789 0.0847 
18 494 1.8 0.00373 0.0369 
19 503 0.8 0.00098 0.0138 
20 503 -0.2 0.00311 0.0377 

 
Table 39.10 Definition of PImax and PImin. 
 

Test ID 
Laser  

power, W 
Focal plane 

position, mm 
PImax, kW cm-2 PImin, kW cm-2 

1 139 3.0 358 72 
2 145 2.0 774 155 
3 139 1.0 1320 264 
4 142 0.0 4310 863 
5 140 -1.0 4020 804 
6 264 3.4 404 81 
7 266 2.4 825 165 
8 264 1.4 1440 287 
9 266 0.4 4500 900 

10 268 -0.6 4960 992 
11 384 3.5 680 136 
12 387 2.5 1470 294 
13 384 1.5 2530 505 
14 384 0.5 8150 1630 
15 386 -0.5 7280 1460 
16 494 3.8 750 150 
17 494 2.8 1380 276 
18 494 1.8 3189 638 
19 503 0.8 12380 2480 
20 503 -0.2 7550 72 
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Table 39.11 Definition of Pmax and Pmin. 
 

Test ID 
Laser  

power, W 
Focal plane 

position, mm 
Pmax, W Pmin, W Pmax, MW Pmin, MW 

1 139 3.0 166470 1195200 0.166 1.195 
2 145 2.0 56502 1247285 0.057 1.247 
3 139 1.0 312840 964656 0.313 0.965 
4 142 0.0 387900 1151242 0.388 1.151 
5 140 -1.0 225120 1081380 0.225 1.081 
6 264 3.4 521968 1658070 0.522 1.658 
7 266 2.4 141900 679305 0.142 0.679 
8 264 1.4 781920 1397690 0.782 1.398 
9 266 0.4 670500 1510200 0.671 1.510 

10 268 -0.6 714240 1594144 0.714 1.594 
11 384 3.5 422960 2266712 0.423 2.267 
12 387 2.5 338100 2518992 0.338 2.519 
13 384 1.5 974050 2044240 0.974 2.044 
14 384 0.5 896500 2254290 0.897 2.254 
15 386 -0.5 880880 2258620 0.881 2.259 
16 494 3.8 976500 2820900 0.977 2.821 
17 494 2.8 1088820 2338824 1.089 2.339 
18 494 1.8 1189497 2351030 1.189 2.351 
19 503 0.8 1213240 3414960 1.213 3.415 
20 503 -0.2 2348050 5698740 2.348 5.699 

 

 
BCAt

P

BCA

E
F

pulse

laserpulse      (39.4) 

 
where            F fluence, J mm-2 

BCA beam cross-section area, mm2. 
  
Appendix 9 shows calculation of fluence values used in this study. 
 
40 I-O parameters used in analysis of interaction of laser beam and paper material 
 
40.1  Maximum spectral intensity 
 
Spectrometer is used to analyse intensity of radiation emitted by laser beam and paper material 
interaction over wavelength range of 194-652 nm. Unit of intensity is expressed as Au (arbitrary 
unit). Appendix 10 shows an example of spectrometer measurement. 
 
Maximum spectral intensity was determined to be the highest value of intensity of emitted radiation 
during measurement over whole wavelength range.  
 
As each laser power, focal plane position and pulse length parameter combination was repeated four 
times (see appendix 6), so there were also four different spectrometer measurements. Average of 
four repeats was calculated for further analyses for this thesis. 
 
It was noticed by Piili (Piili, 2009) that this maximum spectral intensity peak appears always in 
wavelength of 588-589 nm. This study was carried out with copy paper. This is in range of yellow 
light, so it refers to maximum spectral intensity appearing in the range of yellow light. This 
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intensity peak is also detected with different laser processes, for example in studies of laser additive 
manufacturing of ceramic materials (Taimisto et al., 2011) and laser additive manufacturing of 
metallic materials (Lehti et al., 2011). So this refers to the fact that appearance of peak intensity in 
range of wavelength 588-589 nm is not related to material or to laser process. 
 
40.2  Maximum temperature 
 
Pyrometer is used to analyse interaction temperature during laser beam and paper material 
interaction. Pyrometer is capable of measuring temperatures above 488°C. Appendix 11 shows 
example of pyrometer measurements. 
 
Maximum temperature was defined to be highest temperature during measurement.  
 
Each laser power, focal plane position and pulse length parameter combination was repeated four 
times (see appendix 6), so there was as well four different pyrometer measurements. Average of 
four repeats was determined for further analyses for this thesis. 
 
40.3  Hole area 
 
Table 37.2 shows all radius measurements done in this thesis for all samples and figure 37.1 
illustrates how hole radius was defined from macrographs. Radius of hole was measured from top 
and bottom side of each sample. Hole area was calculated from radius measurement as equation 
40.1 shows. 
   
 AH = π rH

2
     (40.1) 

 
where AH hole area, mm2 

 rH radius of hole, mm. 
 
41 Variables created to analyse interaction of laser beam and paper material 
 
41.1 HAZ 
 
It was decided to determine in this thesis the area of heat impact of laser treatment for dried kraft 
pulp, since it describes quality of laser beam and paper material interaction and gives numerical 
value of quality. Hole area expresses the area of laser treatment but it is not describing quality at all.    
 
The heat-affected zone (HAZ) is usually determined in manufacturing technology as the area of base 
material, either a metal or a thermoplastic, which has had its microstructure and properties altered 
by thermal processing like welding or heat intensive cutting.  
 
When macrographs were analysed it was noticed that there is clear area of black debris recognisable 
by its colour around every hole referring to thermal impact of laser beam and paper material 
interaction. Table 41.1 shows examples of these areas of black debris. 
 
Radius of this so called heat impact zone was measured for top and bottom side of each sample, as 
table 37.2 and figure 37.2 represents (see table 41.2). This heat impact zone which also consists of 
area of hole itself is expressed as HIZ. Area of heat impact zone was calculated from radius 
measurement as equation 41.1 shows. 
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Table 41.1 Examples of areas of black debris in laser treated dried kraft pulp (top side). 
 

Laser power, W 139 266 503 
Focal plane  

position, mm 
3.0 2.4 -0.2 

Pulse length, ms 40 40 10 

Macrograph 

Area of  
black debris 

 
 AHIZ = π rHIZ

2
     (41.1) 

 
where AHIZ area of HIZ, mm2 

 rHIZ radius of HIZ, mm. 
 
Area of hole AH and area of heat impact zone AHIZ were calculated as equations 40.1 and 41.1 
shows. Table 41.2 shows these values with macrographs. 
 
Table 41.2 Example of definition of AH and AHIZ in laser treated dried kraft pulp (top side). 
 

Laser power, W 
139 266 503 

Focal plane position, mm 
3.0 2.4 -0.2 

Pulse length, ms 
40 40 10 

D
ef

in
iti

on
 o

f 
A

H
 a

nd
 A

H
IZ

 

 
 
 
 
 

Ainner

Aouter

AH

AHIZ

Ainner

Aouter

AH

AHIZ

Ainner

Aouter

AH

AHIZ
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Area of HAZ AHAZ in this thesis was defined as equation 41.2 shows. 
 
 AHAZ = AHIZ – AH    (41.2) 

 
To be able to get such HAZ value which is independent of hole area, AHAZ was divided by hole area 
and multiplied with 100 %. Unit of HAZ is percent (%). Equation 41.3 shows this calculation. 
 

 %100
H

HAZ

A

A
HAZ

    (41.3) 

where HAZ heat affected zone in paper material, % 

 AH hole area, mm2. 

 
 

Figure 41.1 shows difference of small HAZ and large HAZ. 
 
As figure 41.1 shows, small HAZ value refers to fact that area of heat impact zone around hole is 
small and respectively large HAZ refers to large area of heat impact zone around hole. 
 
41.2  ΔHAZ 
 
It was also decided to create value of ΔHAZ to be second parameter to describe quality of result of 
laser beam and paper material interaction. ΔHAZ in this thesis is describing difference between HAZ 
in top side of material and bottom side of material as equation 41.4 illustrates. 
 

 
Figure 41.1. Diagram of small and large HAZ values and their effect on hole formed during 

laser beam and dried kraft pulp interaction. 
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ΔHAZ = HAZtop - HAZbottom   (41.4) 
 
where ΔHAZ  difference between HAZ in top side of material and bottom side of  
  material, % 

HAZtop HAZ in top side of material, % 
 HAZbottom HAZ in bottom side of material, %. 
 
Figure 41.2 illustrates difference between large and small ΔHAZ value. 
 
Figure 41.2 shows that ΔHAZ values close to zero relate to small area of heat impact zone in top 
and bottom side of pulp. When ΔHAZ values smaller than zero are considered, they relates to large 
area of heat impact zone in bottom side of material. Accordingly, ΔHAZ values larger than zero 
refer to large area of heat impact zone on top of material. 
 
41.3 Conicality 
 
Conicality was determined to be third value to describe quality of result of laser treatment, namely 
conical characteristics of holes. Figure 41.3 shows diagram of conicality. 
 
Conicality was calculated as relation between hole area in top side of sample and hole area in 
bottom side expressed as percentage (see equation 41.5). 
 

%100
HB

H

A

A
Conicality     (41.5) 

 
where Conicality conicality, % 

AHB hole area in bottom side, mm2. 
 

 
Figure 41.2. Diagram of small and large ΔHAZ values and their effect on hole formed during 

laser beam and dried kraft pulp interaction. 
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Figure 41.3 illustrates difference between large and small conicality value. 
 
Figure 41.3 illustrates that when value of conicality is near 100 %, shape of hole in dried pulp is 
cylinder with straight walls. If concicality is much larger than 100 %, shape of hole is V-shaped 
cone and correspondingly if conicality is much lower than 100 % shape of hole is A-shaped cone. 

 
Figure 41.3. Diagram of small and large conicality values and their effect on hole formed 

during laser beam and dried kraft pulp interaction. 
 
41.4  BHR100  
 
Beam-hole-ratio BHR100 was calculated for BCA which has 100% of all laser power for the 
purpose being able to define ratio between BCA and hole area produced during interaction of laser 
beam. BHR100 is determined as equation 41.6 illustrates. 
 

%100100 
HA

BCA
BHR     (41.6) 

 
where BHR100 beam-hole-ratio for BCA, %. 
 
Figure 41.4 illustrates difference between large and small BHR100 value. 
 
Figure 41.4 illustrates that when BHR100 is close to zero the hole area formed is much bigger than 
BCA. As BHR100 approaches 100 %, the hole area is equal to BCA.  
 
41.5  BHR86 
 
Beam-hole-ratio BHR86 was defined similarly as BHR100 but instead of BCA the value used was 
BCA86. BCA86 is a beam cross-section area which has 86% of all laser power. BHR86 is calculated 
as equation 41.7 illustrates. 
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Figure 41.4. Diagram of small and large BHR100 values and their effect on the hole formed 

during laser beam and dried kraft pulp interaction. 
 

%100
86

86 
HA

BCA
BHR      (41.7) 

 
where BHR86 beam-hole-ratio for BCA86, %. 
 
Figure 41.4 shows also difference between large and small BHR86 value. 
 
41.6 BIR 
 
When empiric data was analysed, it was concluded that value to define ratio of beam cross-section 
area (BCA) of highest intensity BCAImax to beam cross-section area of lowest intensity BCAImin 
should be created. This value is called BIR (Beam-Intensity-Ratio). Equation 41.8 shows how BIR-
value is then calculated.  
 

 %100
Im

Im 
in

ax

BCA

BCA
BIR     (41.8) 

 
where             BIR beam intensity ratio, %. 
  
Figure 41.5 shows difference between large and small BIR value. 
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Figure 41.5. Diagram of small and large BIR values. 
 
Figure 41.5 represents that if BIR approaches zero BCAImax is remarkably smaller than BCAImin. 
When BIR increases, BCAImax also increases i.e. it approaches BCAImin. 
 
42 Effect analyses of I-I, I-O and PI-O parameters 
 
To be able to analyse interaction between laser beam and paper material (see figure 34.1) and to 
understand effect of I-I, I-O and PI-O parameters to the whole process, concept of effect analyses 
was created for this thesis. Term effect analyses means analyses group of:  
- DP/IP (direct proportionality/inverse proportionality) analysis,  

- this analysis is introduced to examine direct/inverse proportionality of input and output 
parameters of interaction of laser beam and paper material.  

- correlation analysis  
- this analysis was carried out to determine best correlations of input and output parameters 

between each other i.e. which parameters have significant effect on each other.  
- dependence analysis.  

- this analysis was executed to understand dependence and its characteristics of input and 
output parameters of interaction.  

 
Diagram of these analyses created for this thesis are shown in figure 42.1 and it is executed for all 
tested parameters in this thesis. 
 
Based on figure 34.1, an analysis system of I-I parameters to I-O parameters and PI-O parameters 
was developed for this thesis to be able to carry out effect analyses (see figure 42.1). 
 
Analysing the effect of every parameter to each other was done by grouping table 42.1 into smaller 
groups of: 
- I-I, I-O and PI-O parameters and 
- I-O and PI-O parameters. 
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Figure 42.1.  Diagram of effect analyses. 
 
Table 42.1 Analysis system for effect analyses of I-I, I-O and PI-O parameters. 
 

 I-I 
parameter 

I-O parameters PI-O 
parameters 

Fluence Maximum 
spectral 
intensity 

Maximum 
temperature 

Hole 
area 

HAZ

I-I parameter Fluence  x x x x 
I-O parameters Maximum 

spectral 
intensity 

  x x x 

Maximum 
temperature 

   x x 

PI-O parameters Hole area     x 
HAZ      

 
42.1 Analysis system of I-I, I-O and PI-O parameters 
 
First part of effect analyses concentrates to evaluation of I-I parameters to I-O and PI-O parameters. 
This is shown in table 42.2. 
 
Table 42.2 Analysis system to analyse I-I, I-O and PI-O parameters. 

 
 I-O parameters PI-O parameters 

Maximum 
spectral 
intensity 

Maximum 
temperature 

Hole 
area 

HAZ ΔHAZ Conicality

I-I 
parameter 

Fluence x x x x x x 

 

Parameter group

Dependence
analysis

No further
analysis

Dependence

No dependence

DP/IP analysis
No further
analysis

DP/IP

No proportionality

Correlation
analysis

No further
analysis

High
correlation

Low correlation

Discussion
analysis
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As can be seen from table 42.2, it was decided to use fluence as I-I parameter, since it is a 
combination of all three I-I parameters, laser power, pulse length and focal plane position, as 
equation 39.4 shows. Maximum spectral intensity and maximum temperature were chosen as I-O 
parameters, because they are clear, definable and natural variables to describe data collected by 
spectrometer and pyrometer during interaction of laser beam and paper material. Hole area, HAZ, 
ΔHAZ and conicality for their part were determined to be PI-O parameters since they describe most 
effectively properties of result of interaction of laser beam and paper material.  
 
Effect analyses of I-I, I-O and PI-O parameters was divided to subgroup analysis of average laser 
power, pulse length and average focal plane position. 
 
This way all I-I parameters are included to parameters analysis. So detailed analysis system for 
effect analyses is described in table 42.3. 
 
Table 42.3 Detailed analysis system of I-I, I-O and PI-O parameters. 
 

 

I-O parameters PI-O parameters 
Maximum 

spectral 
intensity 

Maximum 
temperature 

Hole 
area 

HAZ ΔHAZ Conicality 

I-
I 

pa
ra

m
et

er
s 

Fluence - x x x x x x 

Fluence as 
function of 

Average 
laser 

power 

141 W x x x x x x 
266 W x x x x x x 
385 W x x x x x x 
498 W x x x x x x 

Pulse 
length 

10 ms x x x x x x 
40 ms x x x x x x 
90 ms x x x x x x 

Average 
focal 
plane 

position 

3.4 mm x x x x x x 
2.4 mm x x x x x x 
1.4 mm x x x x x x 
0.4 mm x x x x x x 
-0.6 mm x x x x x x 

 
42.2  Analysis system of I-O parameters and PI-O parameters 
 
It was decided to evaluate also I-O and PI-O parameters. Table 42.4 illustrates set-up of this 
analysis. 
 
Table 42.4 Analysis system of I-O and PI-O parameters. 

 
 I-O parameters PI-O parameters 

Maximum 
spectral intensity 

Maximum 
temperature 

Hole area HAZ 

I-O 
parameters 

Maximum 
spectral 
intensity 

 x x x 

Maximum 
temperature 

x  x x 

PI-O 
parameter 

Hole area x x  x 
HAZ x x x  
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This analysis system was also determined to be divided into analysis of subgroups of average laser 
power, pulse length and average focal plane position. Detailed analysis system to study effect of I-O 
and PI-O parameters is described in table 42.5. 
 
Table 42.5 Detailed analysis system to analyse I-O and PI-O parameters.  
 

 I-O parameter PI-O parameter 

I-
O

 p
ar

am
et

er
 

I-O parameter - x x 

I-O parameter as 
function of 

 

Average laser 
power 

141 W x x 
266 W x x 
385 W x x 
498 W x x 

Pulse length 
10 ms x x 
40 ms x x 
90 ms x x 

Average focal 
plane position 

3.4 mm x x 
2.4 mm x x 
1.4 mm x x 
0.4 mm x x 
-0.6 mm x x 

P
I-

O
 p

ar
am

et
er

 

PI-O parameter - x x 

PI-O parameter as 
function of 

Average laser 
power 

141 W x x 
266 W x x 
385 W x x 
498 W x x 

Pulse length 
10 ms x x 
40 ms x x 
90 ms x x 

Average focal 
plane position 

3.4 mm x x 
2.4 mm x x 
1.4 mm x x 
0.4 mm x x 
-0.6 mm x x 

 
42.3  DP/IP analysis of I-I, I-O and PI-O parameters 
 
DP/IP (direct proportionality/inverse proportionality) analysis was introduced to be able to 
understand direct/inverse proportionality of input and output parameters of interaction of laser beam 
and paper material.  
 
As linear trend line was fitted to parameters data points, an equation of linear dependence for each 
parameter combinations was defined. This equation was determined by Excel spreadsheet program 
and an option of linear line fitting and corresponding equation was chosen. General equation of 
linear line is shown in equation 42.1. 
 
  y = kx + b    (42.1) 
 
Equation 42.1 can be written also as function as equation 42.2 presents. 
 
  f(x) = kx + b    (42.2)  
 
As x is set to be zero x = 0, point where fitted linear line crosses y-axis, namely f(0), can be defined 
as equation 42.3 illustrates. 
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  f(0) = b    (42.3)  
 
Direct/inverse proportionality can be defined, when these f(0) values are calculated to each 
parameter combinations shown in tables 42.3 and 42.5 and they are compared to each other. 
Appendix 12 shows an example of this calculation and DP/IP analysis. 
 
Table 42.6 shows the system of marking direct/inverse proportionality. 
 
Table 42.6 Marking of direct/inverse proportionality. 
 

Proportionality Sign
Direct proportionality  
Inverse proportionality  

No proportionality * 
 
42.4  Correlation analysis of I-I, I-O and PI-O parameters 
 
Correlation analysis was carried out to be able to define which input and output parameters coming 
from DP/IP analysis have the best correlation between each other i.e. which parameters have 
significant effect on each other.  
 
Correlations were defined by Excel spreadsheet program by fitting linear trend line to parameter 
data points shown in table 42.1. When fitting trend lines an option of linear line fitting and R2 value 
representing correlation was chosen. 
 
Correlation determination was carried out to each parameter combinations shown in tables 42.3 and 
42.5. Correlations were compared and evaluated with a system shown in table 42.7. 
 
Table 42.7 Correlations and their descriptions. 
 

Correlation R2, - Description 
R2 < 0.10 Very poor, insignificant

0.10 < R2 < 0.30 Poor 
0.30 < R2 < 0.45 Rather poor 
0.45 < R2 < 0.55 Adequate 
0.55 < R2 < 0.70 Satisfactory 
0.70 < R2 < 0.90 Good 

R2 > 0.90 Significant 
From all correlations the ones reaching the level of adequate, satisfactory, good and significant (R2 
> 0.45) were chosen for further analysis. All correlation values higher than 0.70 represented in 
tables 42.3 and 42.4 are also taken into account in next analysis of dependence because of their high 
correlation value. 
 
42.5  Dependence analysis of I-I, I-O and PI-O parameters 
 
Dependence analysis was executed for parameters resulting from correlation analysis to be able to 
understand the dependence of input and output parameters of interaction of laser beam and paper 
material and its characteristics.  
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As linear trend line was fitted to parameters data points shown in tables 42.3 and 42.4, also 
corresponding equation was determined. It can also be written as function as equation 42.1 
illustrates. When this function is derivated, f´(x) can be defined as equation 42.4 represents. 
  f´(x) = k    (42.4) 
 
Derivate tells how function changes as x changes and it can be used to describe whether a function 
is increasing or decreasing. Table 42.8 shows the how increasing or decreasing characteristics of 
function is defined. 
 
Table 42.8 Definition of increasing and decreasing characteristics of function 
 

Definiton Description 
f´(x) > 0 Strictly increasing 
f´(x) < 0 Strictly decreasing
f´(x) = 0 Constant 

 
When these f´(x) values are calculated for each parameter combinations shown in tables 42.3 and 
42.5, dependence can be defined. Appendix 13 shows example of this calculation and dependence 
analysis. 
 
As table 42.8 shows increasing and decreasing characteristics of f´(x) is defined by value of zero. 
However, it was noticed during experiments, that definition of exact value of zero is very difficult 
especially with experimental data. This is why an approximate value of 0.001 was used instead of 
exact value of zero. Table 42.9 shows the system used for marking of increasing/decreasing 
characteristics of functions used in this thesis. 
 
Table 42.9 Definition of increasing/decreasing behaviour of functions to be able to define 

dependence between input and output parameters. 
 

Definition Description Sign
f´(x) > 0.001 Increasing  
f´(x) < -0.001 Decreasing  

-0.001 < f´(x) < 0.001 Constant  
 
Ranking in dependence analysis is executed by evaluating if one parameter correlation has same 
increasing/decreasing behaviour inside series. If this behaviour is changing, it is concluded that 
there is no dependence and this parameter combination is not analysed further. But if parameter 
combination inside series has same increasing/decreasing behaviour, it will be included for 
discussion analysis. Table 42.10 shows principle of this ranking. 
 
42.6  Diagram of effect analyses of I-I, I-O and PI-O parameters 
 
Finally, ranking factors of effect analysis can be added to figure 42.1 and completed diagram of 
these analyses is illustrated in figure 42.2. 
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Figure 42.2.  Diagram of effect analyses with ranking factors. 
 
43 Effect analysis of BHR100 and BHR86 
 
To be able to analyse interaction between laser beam and paper material (see figure 34.1) and to 
understand effect of input-output parameters to the whole process, BHR100 and BHR86 were 
analysed.  
 
Effect analyses of BHR100 and BHR86 consisted only of correlation analysis. DP/IP analysis and 
dependence analysis cannot be executed since the dependence between I-I parameters and BHR100 
and BHR86 obeys natural logarithm function and zero point of natural logarithmic function is 
undefined. Also zero point of first derivate is undefined. Fluence was determined to be used as I-I 
parameter, since it combines all three I-I parameters which are laser power, pulse length and focal 
plane position to one value.  Detailed analysis system to study I-I parameters and BHR100/BHR86 
is described in table 43.1. 
 
Table 42.10 Ranking in dependence analysis. 
 

 

I-O parameters 
Maximum 

spectral 
intensity 

Conclusion Ranking 
Maximum 

temperature Conclusion Ranking 

f´(x) D f´(x) D 

I-
I 

pa
ra

m
et

er
s 

Fluence 
as 

function 
of 
 

Pulse 
length 

10 
ms 

0.2430  
Series has 

same 
increasing 

dependence 

Goes for 
discussion 
analysis 

-0.1859  
Series has 
not same 

increasing 
dependence 

No 
further 
analysis 

40 
ms 

0.1228  0.0720  

90 
ms 

0.0575  -0.0088  

Direction of f´(x): D 

No effect of I-I parameter to I-O parameter (marked with ):  0.0001 < f´(x) < -0.0001 

Increasing effect of I-I parameter to I-O parameter (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parameter to I-O parameter (marked with ): f´(x) < -0.0001 

 

Parameter group

Dependence
analysis

No further
analysis

Df < -0.001

-0.001 < Df < 0.001

DP/IP analysis
No further
analysis

DP/IP

No proportionality

Correlation
analysis

No further
analysis

R2 > 0.45

R2 < 0.45

Discussion
analysis

Df > 0.001

R2 > 0.7
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Table 43.1 Analysis system of I-I parameters vs. BHR100/BHR86 
 

 BHR100 BHR86 

I-
I 

pa
ra

m
et

er
s 

Fluence - x x 

Fluence as 
function 

of 

Average 
laser 

power 

141 W x x 
266 W x x 
385 W x x 
498 W x x 

Pulse 
length 

10 ms x x 
40 ms x x 
90 ms x x 

Average 
focal 
plane 

position 

3.4 mm x x 
2.4 mm x x 
1.4 mm x x 
0.4 mm x x 
-0.6 mm x x 

 
Finally, ranking factors of effect analyses of BHR100 and BHR86 can be added to figure 42.1 and 
completed diagram of these analyses is illustrated in figure 43.1. 
 

 
 
Figure 43.1.  Diagram of effect analyses with ranking factors. 
 
44 MMM analyses for quality parameters 
 
It was decided to carry out MMM (minimum-median-maximum) analyses for parameters describing 
the quality of result in material after interaction of laser beam and paper material. These so called 
quality parameters are: 
- hole area 
- HAZ 
- ΔHAZ 
- conicality. 
 
Aim of MMM analyses is to find minimum range, median range and maximum range of quality 
parameter representing both ends of worst quality (minimum range and maximum range) as well as 
average quality (median range).  
 
MMM analysis is executed by creating frequency distribution (or so called histogram) curve of hole 
area, HAZ, ΔHAZ and conicality results. Frequency distribution is used in mathematical statistics 

BHR100
BHR86

Correlation
analysis

No further
analysis

High
correlation

Low correlation

Discussion
analysis
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for describing empirical data (Råde and Westergren, 1995; Hayter, 2002). When this distribution 
curve is defined also minimum, median and maximum range of each parameter can be determined. 
 
44.1  Determination of frequency distribution curve and its shape 
 
Before it is possible to define minimum, median and maximum range of quality parameters, shape 
of the distribution curve has to be explored. According to statistical mathematics, frequency 
distribution is used to describe distribution of empirical data. If shape of frequency distribution 
curve is close to normal distribution, minimum, median and maximum ranges can be defined (Råde 
and Westergren, 1995; Hayter, 2002).  
 
Frequency f is defined as number ni of event i in occurred in total number N of events for example 
in experimental data, as equation 44.1 shows (Råde and Westergren, 1995; Hayter, 2002).  
 

 inf       (44.1) 

 
where f frequency, - 
 ni number of event i, -. 
  
In statistics of experimental data, class intervals of certain data set are very often defined, so 
actually frequency f  of class interval is the number of numbers in the list that belong to the class 
interval  i.e. frequency f is number ni of event i in specific class interval. These class intervals are 
chosen such that they evenly cover whole data set (Råde and Westergren, 1995; Hayter, 2002).  
 
In statistics, relative frequency fi is often used to describe empirical probability and it is defined as 
absolute frequency normalized by total number of events and is calculated as equation 44.2 shows 
(Råde and Westergren, 1995; Hayter, 2002).  
  

 



i

ii
i n

n

N

n
f     (44.2) 

 
where fi relative frequency of event i, - 
 N total number of events, -. 
 
Relative frequency fi can be plotted for all events i as frequency distribution in histograms. 
Appendix 14 introduces example of this definition of shape of distribution curve (Råde and 
Westergren, 1995; Hayter, 2002).  
 
44.2  Definition of minimum, median and maximum ranges of quality parameters 
 
It was concluded to define statistically values of minimum, median and maximum ranges of data to 
be able to analyse experimental results.  
 
Sample statistics provides numerical summary measures of a data set. To be able to define 
minimum, median and maximum areas of experimental data sets in this thesis sample percentiles 
were used. The pth percentile of sample is a value that has proportion p of the sample taking values 
smaller than it and a proportion 1-p taking values larger than it. So it is an estimate of pth percentile 
of distribution of sample observations (Råde and Westergren, 1995; Hayter, 2002).  
 



 

 

143 (265)

In this thesis, it was decided to use 10th percentile of sample as definition of minimum range. 
Respectively, 90th percentile of sample was used as definition of maximum range. Range of 45th-
55th percentile of sample was concluded to be defined as median values. Appendix 15 shows an 
example calculation for defining minimum range, median range and maximum range (Råde and 
Westergren, 1995; Hayter, 2002). 
 
44.3  I-I parameter analysis of minimum, median and maximum ranges of quality 

parameters 
 
When minimum, median and maximum ranges of each quality parameter are defined, I-I parameter 
analysis to these ranges are executed, as table 44.1 shows. 
 
Table 44.1 I-I parameter analysis for minimum, median and maximum range of quality 

parameters. 
 

 Minimum range Median range Maximum range

I-I 
parameter 

Laser power x x x 
Pulse length x x x 
Focal plane 

position 
x x x 

 
This testing eliminates those minimum, median and maximum range values of each quality 
parameter values that are single, odd and out of majority of values. Discussion analysis is carried 
out for those quality parameters ranked with table 44.1. 
 
44.4  Diagram of MMM analysis 
 
Finally, ranking factors of MMM analyses can be added to figure 42.1 and completed diagram of 
these analyses is illustrated in figure 44.1. 
 
45 Discussion analysis 
 
Aim of discussion analysis is to further analyse results of effect analyses of I-I, I-O and PI-O 
parameters, effect analyses for BHR100/BHR86 and MMM analyses, such that conclusions can be 
drawn and phenomena of interaction of laser beam and paper material can be understood. 
 
45.1 Discussion analysis for results of effect analysis of I-I, I-O and PI-O parameters 
 
This part consists of detailed analysis of figures belonging to different parameter combinations 
coming out from effect analysis. This enables conclusions to be drawn and characteristics of laser 
beam and paper material understood. 
 
45.2 Discussion analysis for results of effect analysis of BHR100 and BHR86 
 
This part consists of determination of BHR100 /BHR86 limit fluence. These are limit values where 
curves fluence vs. BHR100 and fluence vs. BHR86 turns from steeply decreasing characteristics of 
curve into slowly decreasing characteristics of curve, and value of BHR100 and BHR86 gradually 
approaches zero. It was noticed that fluence vs. BHR100 and fluence vs. BHR86 follows general 
form of equation which is shown in equation 45.1. 
 
  y = - k ln x + b   (45.1) 
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Figure 44.1.  Diagram of MMM analyses with ranking factors. 
 
Equation 45.1 can be written also as function as equation 45.2 presents. 
 
  f(x) = - k ln x + b   (45.2) 
  
First derivate of equation 45.2 is now calculated, as equation 45.3 illustrates. 
 

f´(x) = - k     (45.3) 
               x 
 
It was noticed from derivated functions of fluence vs. BHR100 and fluence vs. BHR86 curves that 
as x approaches value of -0.1, also limit fluence value starts to approach zero, and this is why limit 
BHR100 limit fluence and BHR86 limit fluence is calculated as equation 45.4 represents. Appendix 
16 shows example of this calculation. 
 

f´(x) =   - k     (45.4) 
  x  -0.1      x 
 
45.3 Discussion analysis of MMM analyses 
 
When it is analysed which input parameters were used to achieve these ranges and actually how was 
quality looking in micrographs, it can be concluded if certain parameters really is good one to 
describe quality of laser treatment, how good quality was achieved and which monitor device is 
suitable to analyse this good quality. Appendix 17 shows definition for this system of visual 
evaluation. Visual quality of laser treated dried pulp was evaluated by: 
- overall quality, 
- size, 
- roundness, 
- conicality, 
- HAZ and 
- blackness. 

Parameter group

MMM analysis
No further
analysis

Minimun range
Median range
Maximum range

Rest

I-I parameter
analysis

No further
analysis

Rest

Single, odd values

Discussion
analysis
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III  RESULTS 
 
46 Effect analyses of I-I, I-O and PI-O parameters 
 
To be able to understand characteristics of interaction between laser beam and paper material (see 
figure 34.1) and to conclude effect of I-I, I-O and PI-O parameters to whole process, effect analyses 
were executed. In this thesis, effect analysis means: 
 
- DP/IP (direct proportionality/inverse proportionality) analysis,  

- this analysis is carried out to be able to characterise direct/inverse proportionality of input 
and output parameters.  

- correlation analysis and 
- this analysis is carried out to be able to determine which input and output parameters have 

best correlation between each other.  
- dependence analysis.  

- this analysis is done to be able to study characteristics of input and output parameters.  
 
46.1  DP/IP analysis  
 
Table 42.2 and 42.3 introduces concept of DP/IP (direct proportionality/inverse proportionality) 
analysis of effect of I-I parameters to I-O and PI-O parameters. This analysis finds out 
direct/inverse proportionality of different input and output parameters and helps to understand 
direct/inverse proportionality of each parameter to interaction. 
 
46.1.1 DP/IP analysis of I-I and I-O parameters 
 
First part of DP/IP analysis (see table 42.2) is carried out for I-I parameter (fluence) and I-O 
parameters (maximum spectral intensity and maximum temperature). All numerical data used for 
this analysis is also illustrated in appendix 18. This analysis is shown in appendix 19.  
 
Table 46.1 introduces DP/IP analysis of I-I and I-O parameters. 
 
As from table 46.1 can be seen, fluence as function of pulse length has direct proportionality. 
 
46.1.2 DP/IP analysis of I-I and PI-O parameters 
 
Table 42.2 shows the second DP/IP analysis consisting of analysis of I-I parameter (fluence) and PI-
O parameters (hole area, HAZ, ΔHAZ and conicality). All numerical data used for this analysis is 
shown in appendix 20. This analysis is introduced in appendix 21. 
 
Table 46.2 illustrates comparison of DP/IP of I-I and PI-O parameters. 
 
Table 46.2 shows direct proportionality when following combinations are taken into account: 
- fluence as function of average laser power vs. hole area, 
- fluence as function of pulse length vs. hole area, 
- fluence as function of average focal plane position vs. hole area, 
- fluence as function of average laser power vs. ∆HAZ, 
- fluence as function of average focal plane position vs. ∆HAZ, 
- fluence as function of average laser power vs. conicality and 
- fluence as function of pulse length vs. conicality. 
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Only fluence as function of pulse length vs. ∆HAZ has inverse proportionality. 
 
Table 46.1 DP/IP analysis of I-I and I-O parameters. 
 

 I-O parameters 
Maximum spectral 

intensity 
Maximum temperature 

f(0)  f(0)  

I-
I 

pa
ra

m
et

er
s 

Fluence - 1 012.10 - 546.96 - 

Fluence 
as 

function 
of 

Average 
laser 

power 

141 W 993.75 

* 

521.40 

* 
266 W 1 022.50 578.86 
385 W 995.64 526.13 
498 W 1 039.40 582.03 

Pulse 
length 

10 ms 1 016.50 
* 

574.85 
 40 ms 953.62 504.20 

90 ms 1 010.80 704.47 

Average 
focal 
plane 

position 

3.4 mm 1 010.30

* 

574.90 

* 
2.4 mm 1 003.20 N/A 
1.4 mm 942.87 370.77 
0.4 mm 1 054.70 545.67 
-0.6 mm 977.22 336.34 
Direct proportionality:  
Inverse proportionality:  

No proportionality: * 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: -  

 
Table 46.2 DP/IP analysis of I-I and PI-O parameters. 
 

 
PI-O parameters 

Hole area HAZ ΔHAZ Conicality 
f(0)  f(0)  f(0)  f(0)  

I-
I 

pa
ra

m
et

er
s 

Fluence - 0.2046 - 83.155 - 43.687 - 97.577 - 

Fluence 
as 

function 
of 

Average 
laser 

power 

141 W 0.1538 

 

64.846 

* 

22.624 

 

97.230 

 
266 W 0.1930 90.469 49.105 97.360 
385 W 0.2286 101.590 63.620 99.476 
498 W 0.2678 88.848 51.062 96.090 

Pulse 
length 

10 ms 0.1178 
 

94.931 
* 

47.480 
 

96.778 
 40 ms 0.2136 50.774 38.181 98.874 

90 ms 0.2886 75.773 15.651 98.411 

Average 
focal 
plane 

position 

3.4 
mm 

0.1527 

 

80.082 

* 

36.204 

* 

98.594 

* 

2.4 
mm 

0.1124 109.250 59.389 95.168 

1.4 
mm 

0.1082 115.540 69.478 96.684 

0.4 
mm 

0.2357 75.605 44.802 97.393 

-0.6 
mm 

0.1656 92.122 54.337 96.863 

Direct proportionality:  
Inverse proportionality:  

No proportionality: * 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: -  
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46.1.3 DP/IP analysis of I-O and PI-O parameters  
 
Table 42.5 represents diagram of DP/IP analysis of I-O and PI-O parameters. This analysis is also 
grouped into analysis of subgroups of average laser power, pulse length and average focal plane 
position. Detailed analysis is introduced in appendix 22. All numerical data used for this analysis is 
also shown in appendices 18 and 20.  
 
Table 46.3 shows DP/IP analysis of I-O and PI-O parameters. 
 
As from table 46.3 can be noticed following parameter combination has direct proportionality: 
‐ maximum spectral intensity as function of average laser power vs. maximum temperature and 
‐ maximum temperature as function of average focal plane position vs. HAZ. 
 
Table 46.3 reveals that following parameter combination has inverse proportionality: 
‐ maximum spectral intensity as function of pulse length vs. maximum temperature, 
‐ maximum spectral intensity as function of average laser power vs. hole area, 
‐ maximum spectral intensity as function of pulse length vs. hole area, 
‐ maximum spectral intensity as function of average focal plane position vs. hole area, 
‐ maximum temperature as function of average focal plane position vs. hole area, 
‐ maximum spectral intensity as function of pulse length vs. HAZ, 
‐ maximum temperature as function of average laser power vs. HAZ and 
‐ maximum temperature as function of average pulse length vs. HAZ. 
 
46.1.4 DP/IP analysis of PI-O parameters  
 
Table 42.5 shows DP/IP analysis of PI-O parameters. This analysis is also grouped into analysis of 
subgroups of average laser power, pulse length and average focal plane position. Detailed analysis 
is introduced in appendix 23. All numerical data used for this analysis is also shown in appendix 20. 
 
Table 46.4 introduces DP/IP analysis of PI-O parameters. 
 
Table 46.1 shows that hole area as function of average laser power vs. HAZ has direct 
proportionality and hole area as function of pulse length vs. HAZ has inverse proportionality. 
 
46.1.5 Conclusions of DP/IP analysis of I-I, I-O and PI-O parameters  
 
Appendix 24 introduces conclusions of all DP/IP (direct proportionality/inverse proportionality) 
analysis of I-I, I-O and PI-O parameters illustrated in tables 46.1, 46.2, 46.3 and 46.4. 
 
Based on appendix 24, I-I, I-O and PI-O parameter combinations having direct or inverse 
proportionality are introduced in table 46.5. These parameters go for next analysis of correlation.  
 
46.2 Correlation analysis  
 
Table 42.2 and 42.3 describes content of correlation analysis of I-I, I-O and PI-O parameters. This 
evaluation reveals correlations of different parameters and helps to understand characteristics of 
basic parameters to interaction of laser beam and paper material. 
 
 
 
 



 

 

148 (265)

Table 46.3 DP/IP analysis of I-O and PI-O parameters. 
 

 

I-O parameters PI-O parameters 
Maximum 

temperature 
Hole area HAZ 

f(0)  f(0)  f(0)  

I-
O

 p
ar

am
et

er
s 

Maximum 
spectral 
intensity 

- 0 - -0.6953 - 77.826 - 

Maximum 
spectral 

intensity as 
function of 

Average 
laser 

power 

141 W N/A 

* 

1.6947 

 

-413.430 

 
266 W -12.078 0.8391 -123.270 
385 W 422.930 -0.0709 66.083 
498 W -630.390 -1.2013 196.710 

Pulse 
length 

10 ms 490.370 
 

-0.5914 
 

240.880 
 40 ms 227.070 -0.4619 144.160 

90 ms -293.050 -0.7043 -39.307 

Average 
focal 
plane 

position 

3.4 mm N/A 

 

0.3750 

 

63.008 

* 

2.4 mm N/A -0.2055 -77.867 
1.4 mm -955.890 -0.7678 329.510 
0.4 mm 409.690 -0.8480 -140.450 

-0.6 
mm N/A -1.9633 59.827 

Maximum 
temperature 

- 

 

-0.1688 - 142.090 - 

Maximum 
temperature 
as function 

of 

Average 
laser 

power 

141 W 3.1525

* 

449.790

 
266 W -1.7463 475.630 
385 W -2.7769 400.150 
498 W -0.0698 198.660 

Pulse 
length 

10 ms 0.2469 
* 

510.460 
 40 ms N/A N/A 

90 ms 0.2166 82.556 

Average 
focal 
plane 

position 

3.4 mm 0.7186 

 

-91.128 

 

2.4 mm N/A N/A 
1.4 mm -0.0020 187.160 
0.4 mm -0.7518 128.100 

-0.6 
mm -0.3430 125.970 

Direct proportionality:  
Inverse proportionality:  

No proportionality: * 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: -  

 
46.2.1 Correlation analysis of I-I and I-O parameters 
 
As can be seen from table 42.2, first part of correlation analysis is executed for I-I parameter 
(fluence) and I-O parameters (maximum spectral intensity and maximum temperature). All 
numerical data used for this analysis is also illustrated in appendix 18. This analysis is shown in 
appendix 19. Correlation analysis for all parameters is shown in appendix 25.   
 
Table 46.6 illustrates comparison of correlation of I-I and PI-O parameters coming out from DP/IP 
analysis (see table 46.5). 
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Table 46.4 DP/IP analysis of PI-O parameters. 
 

 
PI-O parameter 

HAZ 
f(0)  

PI-O 
parameters 

Hole 
area 

- 102.080 - 

Hole 
area as 

function 
of 

Average 
laser 

power 

141 W 76.863 

 
266 W 133.850 
385 W 142.350 
498 W 124.560 

Pulse 
length 

10 ms 109.700 
 40 ms 89.168 

90 ms 41.500 

Average 
focal 
plane 

position 

3.4 mm 107.090 

* 
2.4 mm 124.970 
1.4 mm 127.570 
0.4 mm 83.446 
-0.6 mm 108.160 

Direct proportionality:  
Inverse proportionality:  

No proportionality: * 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: -  

 
Table 46.5 I-I, I-O and PI-O parameter combinations resulting from DP/IP analysis and will 

be included for correlation analysis. 
 

Fluence Maximum spectral intensity 
Fluence Maximum temperature 
Fluence Hole area 
Fluence HAZ 
Fluence ΔHAZ 
Fluence Conicality 
Fluence as function of average laser power Hole area 
Fluence as function of average laser power ΔHAZ 
Fluence as function of average laser power Conicality 
Fluence as function of pulse length Hole area 
Fluence as function of pulse length ΔHAZ 
Fluence as function of pulse length Conicality 
Fluence as function of average focal plane position Hole area 
Maximum spectral intensity as function of average laser power Hole area 
Maximum spectral intensity as function of average laser power HAZ 
Maximum spectral intensity as function of pulse length Maximum temperature 
Maximum spectral intensity as function of pulse length Hole area 
Maximum spectral intensity as function of pulse length HAZ 
Maximum spectral intensity as function of average focal plane position Maximum temperature 
Maximum spectral intensity as function of average focal plane position Hole area 
Maximum temperature as function of average laser power HAZ 
Maximum temperature as function of pulse length HAZ 
Maximum temperature as function of average focal plane position Hole area 
Maximum temperature as function of average focal plane position HAZ 
Hole area as function of average laser power HAZ 
Hole area as function of pulse length HAZ 
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Table 46.6 Correlation analysis of I-I and I-O parameters. 
 

 

Correlation R2, - 
I-O parameters 

Maximum 
spectral intensity 

Maximum 
temperature 

I-I 
parameters 

Fluence - 0.2549 0.1661 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70 

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 

 
It can be seen from table 46.6 that there is no correlation higher than 0.45. Nevertheless, appendix 
25 reveals that fluence as function of average focal plane position vs. maximum temperature has R2 
larger than 0.70. 
 
46.2.2 Correlation analysis of I-I and PI-O parameters 
 
As can be seen from table 42.2, second analysis consists of correlation analysis of effect of I-I 
parameter (fluence) to PI-O parameters (hole area, HAZ, ΔHAZ and conicality). All numerical data 
used for this analysis is shown in appendix 20. This analysis is introduced in appendix 21. 
Correlation analysis for all parameters is shown in appendix 25.   
 
Table 46.7 illustrates comparison of correlation of I-I and PI-O parameters coming out from DP/IP 
analysis (see table 46.5). 
 
Table 46.7 Correlation analysis of I-I and PI-O parameters. 
 

 Correlation R2, - 
PI-O parameters 

Hole 
area 

HAZ ΔHAZ Conicality 

I-
I 

pa
ra

m
et

er
s 

Fluence  0.6758 0.0091 0.0065 0.0703 

Fluence 
as 

function 
of 

Average 
laser 

power 

141 W 0.5217 

 

0.0751 0.0455 
266 W 0.5559 0.1403 0.0809 
385 W 0.6593 0.0631 0.0182 
498 W 0.7214 0.0147 0.1177 

Pulse 
length 

10 ms 0.4663 0.1825 0.0402 
40 ms 0.6887 0.0135 0.0862 
90 ms 0.6502 0.4526 0.2300 

Average 
focal 
plane 

position 

3.4 mm 0.8788 

 
2.4 mm 0.9035 
1.4 mm 0.9503 
0.4 mm 0.7854 
-0.6 mm 0.8559 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 
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As it can be seen from table 46.7, correlation between following parameter combinations has higher 
value than 0.45:  
- fluence vs. hole area,  
- fluence as function of average laser power vs. hole area,  
- fluence as function of pulse length vs. hole area and 
- fluence as function of average focal plane position vs. hole area.  
 
Appendix 25 reveals that fluence as function of average focal plane position vs. conicality has 
higher correlation than 0.7. 
 
46.2.3 Correlation analysis of I-O and PI-O parameters  
 
Table 42.5 introduces correlation analysis of I-O and PI-O parameters. This analysis is also grouped 
into analysis of subgroups of average laser power, pulse length and average focal plane position. 
This analysis is introduced in appendix 22. All numerical data used for this analysis is also shown in 
appendices 196 and 200. Correlation analysis for all parameters is shown in appendix 25.   
 
Table 46.8 illustrates correlation analysis of I-O and PI-O parameters for parameter combinations 
coming from DP/IP analysis (see table 46.5). 
 
Table 46.8 reveals that following correlations between I-O and PI-O parameters have higher R2 
values than 0.45: 
‐ maximum spectral intensity as function of average laser power vs. hole area, 
‐ maximum spectral intensity as function of pulse length vs. hole area, 
‐ maximum spectral intensity as function of average focal plane position vs. maximum 

temperature, 
‐ maximum spectral intensity as function of average focal plane position vs. hole area, 
‐ maximum temperature as function of average laser power vs. HAZ, 
‐ maximum temperature as function of pulse length vs. HAZ, 
‐ maximum temperature as function of average focal plane position vs. hole area and 
‐ maximum temperature as function of average focal plane position vs. HAZ. 
 
As from appendix 25 can be seen, that also maximum temperature as function of average laser 
power vs. hole area has correlation value of 0.84, so it is also taken into account to group which will 
be included for dependence analysis.  
 
46.2.4 Correlation analysis of PI-O parameters  
 
Table 42.5 shows correlation analysis of PI-O parameters. This analysis is also grouped into 
analysis of subgroups of average laser power, pulse length and average focal plane position. All 
numerical data used for this analysis is also shown in appendix 21. This analysis is introduced in 
appendix 23. Correlation analysis for all parameters is shown in appendix 25.   
 
Table 46.9 introduces correlation analysis of PI-O parameters for parameter combinations coming 
from DP/IP analysis (see table 46.5). 
 
Table 46.9 shows that correlation of hole area as function of average laser power vs. HAZ has 
higher R2 value than 0.45. 
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46.2.5 Conclusions of correlation analysis of I-I, I-O and PI-O parameters  
 
Appendix 26 introduces conclusions of all correlation analysis of I-I, I-O and PI-O parameters 
illustrated in tables 46.6, 46.7, 46.8 and 46.9. 
 
Table 46.8 Correlation analysis of I-O and PI-O parameters. 
 

 

Correlation R2, - 
I-O 

parameters 
PI-O parameters 

Maximum 
temperature 

Hole 
area 

HAZ 

I-
O

 p
ar

am
et

er
s 

Maximum 
spectral 
intensity 

- 0.3829 0.3099 
3.0 · 10-

5 

Maximum 
spectral 

intensity as 
function of 

Average 
laser 

power 

141 W 

 

0.5292 0.4079 
266 W 0.0096 0.042 
385 W 0.0631 0.0041 
498 W 0.6007 0.0491 

Pulse 
length 

10 ms 0.0087 0.5405 0.0861 
40 ms 0.3041 0.3654 0.0488 
90 ms 0.4462 0.5875 0.1662 

Average 
focal 
plane 

position 

3.4 mm N/A 0.0189 

 
2.4 mm N/A 0.0227 
1.4 mm 0.9504 0.5522 
0.4 mm 0.0582 0.2800 
-0.6 mm N/A 0.5850 

Maximum 
temperature 

- 

 

0.4376 0.1196 

Maximum 
temperature 
as function 

of 
 

Average 
laser 

power 

141 W 

 

0.6651 
266 W 0.4017 
385 W 0.2193 
498 W 0.4547 

Pulse 
length 

10 ms 0.7671 
40 ms N/A 
90 ms 0.0168 

Average 
focal 
plane 

position 

3.4 mm 0.3954 0.3157 
2.4 mm N/A N/A 
1.4 mm 0.6798 0.6720 
0.4 mm 0.5510 0.0325 
-0.6 mm 0.6715 0.0114 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70 

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 
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Table 46.9 Correlation analysis of PI-O parameters. 
 

 
Correlation R2, - 
PI-O parameter 

HAZ 
P

I-
O

 p
ar

am
et

er
s 

Hole area - 0.1064 

Hole area as 
function of 

 

Average 
laser 

power 

141 W 0.0269 
266 W 0.6438 
385 W 0.5909 
498 W 0.1513 

Pulse 
length 

10 ms 0.0028 
40 ms 0.0267 
90 ms 0.1193 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70 

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 

 
Based on appendix 26, I-I, I-O and PI-O parameter combinations having good correlation based on 
correlation analysis are introduced in table 46.10. These parameters go for next analysis of 
dependence.  
 
Table 46.10 Parameter combination coming out from correlation analysis and will be included 

for dependence analysis. 
 

Fluence Hole area 
Fluence as function of average laser power  Maximum temperature 
Fluence as function of average laser power  Hole area 
Fluence as function of pulse length Hole area 
Fluence as function of average focal plane position Hole area 
Maximum spectral intensity as function of average laser power Hole area 
Maximum spectral intensity as function of pulse length Hole area 
Maximum spectral intensity as function of average focal plane position Maximum temperature 
Maximum spectral intensity as function of average focal plane position Hole area 
Maximum temperature as function of average laser power Hole area 
Maximum temperature as function of average laser power HAZ 
Maximum temperature as function of pulse length HAZ 
Maximum temperature as function of average focal plane position Hole area 
Maximum temperature as function of average focal plane position HAZ 
Hole area as function of average laser power HAZ 

 
46.3 Dependence analysis  
 
Table 42.2 and 42.3 introduces concept of dependence analysis of effect of I-I parameters to I-O 
and PI-O parameters. This analysis finds out dependence of these parameters and helps to 
understand effect of each parameter to interaction of laser beam and paper material.  
 
46.3.1 Dependence analysis of I-I and I-O parameters 
 
As table 42.2 reveals, firstly dependence analysis is executed for I-I parameter (fluence) and I-O 
parameters (maximum spectral intensity and maximum temperature). All numerical data used for 
this analysis is also illustrated in appendix 18. This analysis is shown in appendix 19. Dependence 
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analysis for all parameters is shown in appendix 27. Table 46.11 shows dependence analysis for I-I 
and PI-O parameters coming out from correlation analysis (see table 46.10). 
 
Table 46.11 Dependence analysis of I-I and I-O parameters. 
 

 
I-O parameters 

Maximum temperature 
f´(x)  

I-I 
parameters 

Fluence as 
function of 

 

Average 
laser 

power 

141 W -0.0238  
266 W 0.0253  
385 W 0.0384  
498 W 0.0656  

No effect of I-I parameter to I-O parameter (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parameter to I-O parameter (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parameter to I-O parameter (marked with ): f´(x) < -0.0001 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 

 
It can be seen from table 46.11, that increasing/decreasing characteristics of dependence of fluence 
as function of average laser power vs. maximum temperature is not same inside series. 
 
46.3.2 Dependence analysis of I-I and PI-O parameters 
 
Table 42.2 illustrates that second dependence analysis consists analysis of I-I parameter (fluence) 
and PI-O parameters (hole area, HAZ, ΔHAZ and conicality). All numerical data used for this 
analysis is shown in appendix 20. This analysis is introduced in appendix 21. Dependence analysis 
for all parameters is shown in appendix 27. Table 46.12 shows dependence analysis of I-I and PI-O 
parameters coming out from correlation analysis (see table 46.10). 
 
Table 46.12 Dependence analysis of I-I and PI-O parameters. 
 

 PI-O parameters 
Hole area 
f´(x)  

I-
I 

pa
ra

m
et

er
s 

Fluence  0.0002  

Fluence as 
function of 

 

Average 
laser power 

141 W 0.0002  
266 W 0.0002  
385 W 0.0002  
498 W 0.0002  

Pulse 
length 

10 ms 0.0005  
40 ms 0.0002  
90 ms 0.0001  

Average 
focal plane 

position 

3.4 mm 0.0001  
2.4 mm 0.0009  
1.4 mm 0.0005  
0.4 mm 0.0002  
-0.6 mm 0.0002  

No effect of I-I parameter to I-O parameter (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parameter to I-O parameter (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parameter to I-O parameter (marked with ): f´(x) < -0.0001 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 
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It can be seen from table 46.12, that following parameter combinations have same increasing 
characteristics within series: 
- fluence vs. hole area,  
- fluence as function of average laser power vs. hole area,  
- fluence as function of pulse length vs. hole area and 
- fluence as function of average focal plane position vs. hole area.  
 
46.3.3 Dependence analysis of I-O and PI-O parameters  
 
Table 42.5 illustrates principle of third dependence analysis of I-O and PI-O parameters. This 
analysis is introduced in appendix 22. All numerical data used for this analysis is also shown in 
appendices 196 and 200. Dependence analysis for all parameters is shown in appendix 27.   
 
Table 46.13 introduces dependence analysis of I-O and PI-O parameters for parameter 
combinations coming from correlation analysis (see table 46.10). 
 
Table 46.13 Dependence analysis of I-O and PI-O parameters. 
 

 

I-O 
parameters 

PI-O parameters 

Maximum 
temperature 

Hole area HAZ 

f´(x)  f´(x)  

 

I-
O

 p
ar

am
et

er
s 

Maximum 
spectral 

intensity as 
function of 

Average 
laser 

power 

141 W 

 

-0.0014  
266 W -0.0005  
385 W 0.0040  
498 W 0.0015  

Pulse 
length 

10 ms 0.0080  
40 ms 0.0080  
90 ms 0.0011  

Average 
focal 
plane 

position 

3.4 mm N/A - -0.0001  
2.4 mm N/A - 0.0060  
1.4 mm 1.4598  0.0011  
0.4 mm 0.1665  0.0012  
-0.6 mm N/A - 0.0023  

Maximum 
temperature 

as function of 
 

Average 
laser 

power 

141 W 

 

-0.0057  -0.7670 
266 W 0.0035  -0.6887 
385 W 0.0058  -0.5690 
498 W 0.0080  -0.1570 

Pulse 
length 

10 ms 
 

-0.7623 
40 ms N/A - 
90 ms -0.0196 

Average 
focal 
plane 

position 

3.4 mm -0.0010  0.2958 
2.4 mm N/A - N/A - 
1.4 mm 0.0007  -0.1384 
0.4 mm 0.0012  -0.8990 
-0.6 mm 0.0020  -0.0341 

No effect of I-I parameter to I-O parameter (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parameter to I-O parameter (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parameter to I-O parameter (marked with ): f´(x) < -0.0001 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 
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Table 46.13 shows that same increasing characteristics of dependence within one series are with 
following parameter combinations: 
‐ maximum spectral intensity as function of average focal plane position vs. maximum 

temperature and 
‐ maximum spectral intensity as function of pulse length vs. hole area. 
 
Table 46.13 illustrates also that same decreasing characteristics of dependence within one series is 
with following parameter combinations: 
‐ maximum temperature as function of average laser power vs. HAZ and 
‐ maximum temperature as function of pulse length vs. HAZ. 
 
46.3.4 Dependence analysis of PI-O parameters  
 
As table 42.5 illustrates, last dependence analysis is carried out for PI-O parameters. All numerical 
data used for this analysis is also shown in appendix 21. This analysis is introduced in appendix 23. 
Dependence analysis for all parameters is shown in appendix 27.   
 
Dependence analysis of PI-O parameters for parameter combinations coming from correlation 
analysis (see table 46.10) is shown in table 46.14. 
 
Table 46.14 Dependence analysis of PI-O parameters. 
 

 
PI-O parameter 

HAZ 
f´(x)  

PI-O 
parameters 

Hole area as 
function of 

 

Average 
laser 

power 

141 W -51.445  
266 W -214.840  
385 W -157.460  
498 W -92.672  

No effect of I-I parameter to I-O parameter (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parameter to I-O parameter (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parameter to I-O parameter (marked with ): f´(x) < -0.0001 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 

 
It can be concluded from table 46.14 that hole area as function of laser power vs. HAZ has same 
increasing characteristics of dependence inside series. 
 
46.3.5 Conclusions of dependence analysis of I-I, I-O and PI-O parameters  
 
Appendix 28 introduces conclusions of all correlation analysis of I-I, I-O and PI-O parameters 
illustrated in tables 46.11, 46.12, 46.13 and 46.14. Based on appendix 28, I-I, I-O and PI-O 
parameter combinations having same increasing or decreasing characteristics of dependence based 
on dependence analysis are introduced in table 46.15. These parameters go for next analysis of 
discussion.  
 
47 Effect analyses of BHR100 and BHR86 
 
Table 43.1 illustrates how analysis of BHR100 and BHR86 is carried out. Also in this case, fluence 
was selected as I-I parameter. All numerical data used for this analysis is shown in appendix 29.  
Detailed analysis of BHR100 and BHR86 is illustrated in appendix 30.  
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Table 46.15 Parameter combination coming out from dependence analysis for discussion 
analysis. 

 
Fluence Hole area 
Fluence as function of average laser power  Hole area 
Fluence as function of pulse length Hole area 
Fluence as function of average focal plane position Hole area 
Maximum spectral intensity as function of pulse length Hole area 
Maximum spectral intensity as function of average focal plane position Maximum temperature
Maximum temperature as function of average laser power HAZ 
Maximum temperature as function of pulse length HAZ 
Hole area as function of average laser power HAZ 

 
47.1 Correlation analysis of I-I parameter, BHR100 and BHR86 
 
Table 47.1 illustrates correlation analysis of I-I parameter, BHR100 and BHR86 
 
Table 47.1 reveals that following correlations between parameter combinations have bigger R2 
values than 0.45: 
‐ fluence vs. BHR100, 
‐ fluence as function of average laser power vs. BHR100, 
‐ fluence as function of pulse length vs. BHR100, 
‐ fluence as function of average focal plane position vs. BHR100, 
‐ fluence vs. BHR86, 
‐ fluence as function of average laser power vs. BHR86, 
‐ fluence as function of pulse length vs. BHR86 and 
‐ fluence as function of average focal plane position vs. BHR86. 
 
Table 47.1 Correlation analysis of I-I parameter, BHR100 and BHR86. 
 

 
Correlation R2, - 

BHR100 BHR86 

I-
I 

pa
ra

m
et

er
s 

Fluence - 0.7090 0.7034 

Fluence as 
function of 

 

Average 
laser 

power 

141 W 0.7642 0.7678 
266 W 0.7583 0.7538 
385 W 0.7729 0.7701 
498 W 0.7064 0.7004 

Pulse 
length 

10 ms 0.8617 0.8524 
40 ms 0.8036 0.7983 
90 ms 0.7745 0.7697 

Average 
focal 
plane 

position 

3.4 mm 0.8242 0.7930 
2.4 mm 0.7558 0.7539 
1.4 mm 0.7980 0.7985 
0.4 mm 0.6089 0.6507 
-0.6 mm 0.3878 0.3619 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 
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47.2 Parameter combinations from correlation analysis to be used in discussion analysis  
 
I-I, I-O and PI-O parameter combinations having higher correlation than 0.45 are introduced in 
table 47.2. These parameters go for next analysis of discussion.  
 
Table 47.2 Parameter combination for discussion analysis. 
 

Fluence BHR100
Fluence BHR86 
Fluence (average laser power) BHR100
Fluence (average laser power) BHR86 
Fluence (pulse length) BHR100
Fluence (pulse length) BHR86 
Fluence (average focal plane position) BHR100
Fluence (average focal plane position) BHR86 

 
48 MMM analysis of quality parameters 
 
MMM (minimum-median-maximum) analyses were executed for parameters describing quality of 
result in material after interaction of laser beam and paper material. These so called quality 
parameters are: 
- hole area, 
- HAZ, 
- ΔHAZ and 
- conicality. 
 
Aim of MMM analyses is to find minimum range, median range and maximum range of quality 
parameter representing both ends of worst quality (minimum range and maximum range) as well as 
average quality (median range).   
 
Figure 44.1 introduces contents of MMM analysis that is carried out for each quality parameters. 
This testing examines effect of laser power, pulse length and focal plane position to minimum, 
median and maximum ranges and eliminates those minimum, median and maximum range values of 
each quality parameter values that are single, odd and out of majority of values.  
 
48.1 MMM analysis of hole area 
 
Determination of MMM analysis of hole area revealed that pulse length is constant in minimum, 
median and maximum range of hole area, as table 48.1 shows. See appendix 31 for calculations to 
define minimum, median and maximum range of hole areas.  
 
Table 48.1 Constant pulse lengths of minimum, median and maximum range of hole areas. 
 

Range Constant pulse length
Minimum range 10 ms 
Median range 40 ms 

Maximum range 90 ms 
 
Minimum range of hole areas is formed when pulse length of 10 ms is used, median range when 40 
ms is used and maximum range as pulse length was 90 ms.  
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Also effect of other input parameters, namely laser power and focal plane position, to minimum, 
median and maximum range of hole area were examined. Aim was to find single and odd values 
and exclude them for further analysis. Figure 48.1 shows laser power vs. hole area as function of 
minimum, median and maximum range of hole areas.  

 
Figure 48.1. Laser power vs. hole area as function of minimum, median and maximum range 

of hole areas. 
 
As can be seen from figure 48.1 can be seen: 
- most of minimum range hole areas are formed with laser power of 100-300 W, 
- most of median range hole areas are produced with laser power of 250-400 W and 
- most of maximum range hole areas are formed with laser power of 450-550 W. 
 
Figure 48.2 illustrates focal plane position vs. hole area as function of minimum, median and 
maximum range of hole areas. 

 
Figure 48.2. Focal plane position vs. hole area as function of minimum, median and maximum 

range of hole areas. 
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As can be noticed from figure 48.2: 
- most of minimum range hole areas are formed with focal plane position of 0.5-2.5 mm, 
- most of median range hole areas are produced with focal plane position of 0.5-4.0 mm and 
- most of maximum range hole areas are formed with focal plane position of 0-2.0 mm. 
 
Figures 48.1 and 48.2 show how single and odd values are excluded from minimum, median and 
maximum range of hole areas when effect of laser power and focal plane position are examined 
closely. Values for discussion analysis are then shown in table 48.2.  
 
48.2 MMM analysis of HAZ 
 
When minimum, median and maximum range of HAZ was defined, effect of input parameters laser 
power, pulse length and focal plane position to these ranges were further studied. Purpose was to 
determine single and odd values and close out them for further analysis. Figure 48.3 shows laser 
power vs. HAZ as function of minimum, median and maximum range of HAZ. See appendix 32 for 
calculations to define minimum, median and maximum range of HAZ.  
 
Table 48.2 Minimum, median and maximum range of hole areas for discussion analysis. 
 

 
 
As can be seen from figure 48.3 can be seen: 
- most of minimum range HAZ are formed with laser power of ~150 W and ~500 W, 
- most of median range HAZ are produced with laser power of 350-550 W and 
- most of maximum range HAZ are formed with laser power of 350-550 W. 
 
Figure 48.4 illustrates pulse length vs. HAZ as function of minimum, median and maximum range 
of HAZ. 
 

2,0 1 144 10 15,02 0,07

1,0 2 139 10 28,69 0,07

2,4 3 266 10 22,51 0,11

1,4 4 264 10 47,59 0,11

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2

Hole area, 

mm
2

1,5 29 384 40 333,62 0,25

3,5 30 384 40 77,53 0,26

1,4 33 264 40 190,37 0,29

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2

Hole area, 

mm
2

0,8 57 503 40 1352,13 0,59

1,8 58 494 90 1017,05 0,64

0,8 60 503 90 3042,29 0,69

Median range of hole area

Maximum range of hole area

Minimum range of hole area

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2

Hole area, 

mm
2
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Figure 48.3. Laser power vs. HAZ as function of minimum, median and maximum range of 

HAZ. 

 
Figure 48.4. Pulse length vs. HAZ as function of minimum, median and maximum range of 

HAZ. 
 
As can be noticed from figure 48.4: 
- most of minimum range HAZ are formed with pulse length 10 ms and 90 ms, 
- most of median range HAZ are produced with pulse length 40 ms and 90 ms and 
- most of maximum range HAZ are formed with pulse length 10 ms. 

 
Figure 48.5 illustrates focal plane position vs. HAZ as function of minimum, median and maximum 
range of HAZ. 

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200 250 300 350 400 450 500 550

H
A

Z
, %

Laser power, W

Minimum range of HAZ Median range of HAZ Maximum range of HAZ

0

20

40

60

80

100

120

140

160

180

200

0 10 20 30 40 50 60 70 80 90 100

H
A

Z
, %

Pulse length, ms

Minimum range of HAZ Median range of HAZ Maximum range of HAZ



 

 

162 (265)

 
Figure 48.5. Focal plane position vs. HAZ as function of minimum, median and maximum 

range of HAZ. 
 
As can be noticed from figure 48.5: 
- most of minimum range HAZ are formed with focal plane position of 0-4 mm, 
- most of median range HAZ are produced with focal plane position of -0.5-3 mm and 
- most of maximum range HAZ are formed with focal plane position of  0.5-3 mm. 
 
Figures 48.3, 48.4 and 48.5 illustrate how single and odd values are excluded from minimum, 
median and maximum range of HAZ as input parameters and their effect on these ranges are 
examined. Based on this exclusion further analysis is executed for minimum, median and maximum 
range of HAZ introduced in table 48.3. 
 
48.3 MMM analysis of ΔHAZ 
 
After determination of minimum, median and maximum range of ΔHAZ, effect of input parameters, 
particularly laser power, pulse length and focal plane position, was studied. Target was to define 
single and odd values and count out them for further analysis. Figure 48.6 shows laser power vs. 
ΔHAZ as function of minimum, median and maximum range of ΔHAZ. See appendix 33 for 
calculations to define minimum, median and maximum range of ΔHAZ.  
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Table 48.3 Minimum, median and maximum range of HAZ for discussion analysis. 
 

 

 
Figure 48.6. Laser power vs. ΔHAZ as function of minimum, median and maximum range of 

ΔHAZ. 
 
As can be seen from figure 48.6 can be seen: 
- most of minimum range ΔHAZ are formed with laser power of ~150 W and ~500 W, 
- most of median range ΔHAZ are produced with laser power of 250-400 W and 
- most of maximum range ΔHAZ are formed with laser power of 350-550 W. 
 
Figure 48.7 illustrates pulse length vs. ΔHAZ as function of minimum, median and maximum range 
of ΔHAZ. 
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Figure 48.7. Pulse length vs. ΔHAZ as function of minimum, median and maximum range of 

ΔHAZ. 
 
As can be noticed from figure 48.7: 
- most of minimum range ΔHAZ are formed with pulse length 40 ms and 90 ms, 
- most of median range ΔHAZ are produced with pulse length 40 ms and 
- most of maximum range ΔHAZ are formed with pulse length 10 ms and 40 ms. 

 
Figure 48.8 illustrates focal plane position vs. ΔHAZ as function of minimum, median and 
maximum range of ΔHAZ. 
 
As can be noticed from figure 48.8: 
- most of minimum range ΔHAZ are formed with focal plane position of 3.0-4.0 mm, 
- most of median range ΔHAZ are produced with focal plane position of -0.5-4.0 mm and 
- most of maximum range ΔHAZ are formed with focal plane position of 1.5-2.0 mm. 
 
Figures 48.6, 48.7 and 48.8 explain how single and odd values are excluded from minimum, median 
and maximum range of ΔHAZ as effect of laser power, pulse length and focal plane position is 
studied. After this exclusion, discussion analysis is executed for minimum, median and maximum 
range of ΔHAZ introduced in table 48.4. 
 
48.4 MMM analysis of conicality 
 
Minimum, median and maximum ranges of conicality were defined and effect of laser power, pulse 
length and focal plane position reviewed. Aim was to find out single and odd values and exclude 
them for further analysis. Figure 48.9 shows laser power vs. conicality as function of minimum, 
median and maximum range of conicality. See appendix 34 for calculations to define minimum, 
median and maximum range of conicality.  
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Figure 48.8. Focal plane position vs. ΔHAZ as function of minimum, median and maximum 

range of ΔHAZ. 
 
Table 48.4 Minimum, median and maximum range of ΔHAZ for discussion analysis. 
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Figure 48.9. Laser power vs. conicality as function of minimum, median and maximum range 

of conicality. 
 
As can be seen from figure 48.9 can be seen: 
- most of minimum range conicality are formed with laser power of ~250 W and ~500 W, 
- most of median range conicality are produced with laser power of ~150 W and ~500 W and 
- most of maximum range conicality are formed with laser power of 350-550 W. 
 
Figure 48.10 illustrates pulse length vs. conicality as function of minimum, median and maximum 
range of conicality. 

 
Figure 48.10. Pulse length vs. conicality as function of minimum, median and maximum range 

of conicality. 
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As can be noticed from figure 48.10: 
- most of minimum range conicality are formed with pulse length 10 ms and 40 ms, 
- most of median range conicality are produced with pulse length 10 ms and 90 ms and 
- most of maximum range conicality are formed with pulse length 40 ms and 90 ms. 

 
Figure 48.11 illustrates focal plane position vs. conicality as function of minimum, median and 
maximum range of conicality. 
 
As can be noticed from figure 48.11: 
- most of minimum range conicality are induced with focal plane position of 1.0-2.0 mm, 
- most of median range conicality are formed with focal plane position of 1.0-4.0 mm and 
- most of maximum range conicality are produced with focal plane position of 0.0-1.0 mm. 
 
Figures 48.9, 48.10 and 48.11 define how single and odd values are excluded from minimum, 
median and maximum range of conicality when input parameters of laser power, pulse length and 
focal plane position are analysed closely. So discussion analysis is executed for minimum, median 
and maximum range of conicality shown in table 48.5. 

 
Figure 48.11. Focal plane position vs. conicality as function of minimum, median and maximum 

range of conicality. 
 
49 Discussion analysis 
 
Aim of discussion analysis is to further study findings of effect analyses of I-I, I-O and PI-O 
parameters, effect analyses for BHR100/BHR86 and MMM analyses, such that conclusions of 
interaction of laser beam and paper material can be drawn and interaction process understood. 
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49.1 Effect analyses of I-I, I-O and PI-O parameters 
 
To be able to closely observe interaction between laser beam and paper material (see figure 34.1) 
and to understand effect of I-I, I-O and PI-O parameters, effect analyses were carried out. Effect 
analysis means in this thesis 
- DP/IP (direct proportionality/inverse proportionality) analysis,  
- correlation analysis and  
- dependence analysis.  
 
Discussion analysis is carried out for result of these analyses so that characteristics of laser beam 
and paper material interaction are revealed and all phenomena affecting them are understood. 
 
Table 48.5 Minimum, median and maximum range of conicality for discussion analysis. 
 

 
 
49.1.1 Fluence vs. hole area 
 
Figure 49.1 shows fluence vs. hole area. This describes the effect of fluence to average measured 
hole area, when dried kraft pulp was laser treated with different settings of focal position, laser 
power and pulse length. 
 
Figure 49.1 reveals that as fluence increases also hole area increases: the higher amount of energy is 
brought to unit of area the larger hole is formed as more material is removed by higher amount of 
energy in interaction. Dependence between fluence and hole area is surprising linear. When fluence 
increases variation of hole area slightly increases and it makes correlation 0.68.  
 
49.1.2 Fluence as function of average laser power vs. hole area  
 
Figure 49.2 presents fluence as function of average laser power vs. hole area. This shows the effect 
of fluence as function of average laser power to average measured hole area, when dried kraft pulp 
was laser treated with different settings of focal position, laser power and pulse length. 
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Figure 49.1. Fluence vs. hole area. 

 
Figure 49.2. Fluence as function of average laser power vs. maximum temperature.  
 
It can be observed from figure 49.2 that when average laser power value increases area of produced 
hole enlarges. For example hole is smaller with average laser power of 141 W than with average 
laser power of 498W when the same fluence 500 J mm-2 is considered for both power levels.  
 
Appendix 35 shows calculated BIR values for each laser power and focal plane position 
combinations used in this study. Figure 49.3 illustrates laser power vs. BIR and peak intensity. 
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Figure 49.3. Laser power vs. BIR and peak intensity. 
 
As from figure 49.3 can be seen, increase in laser power result also increase in BIR, highest peak 
intensity of beam cross-section area and lowest peak intensity of beam cross-section area. 
Especially increase of highest peak intensity and its relative area cause also larger hole area as 
function of fluence. So it can be concluded that higher average laser power removes more material 
than lower value and it can be seen as larger hole areas. 
 
49.1.3 Fluence as function of pulse length vs. hole area  
 
Figure 49.4 shows fluence as function of pulse length vs. hole area. This represents the effect of 
fluence as function of pulse length to average measured hole area, when dried kraft pulp was laser 
treated with different settings of focal position, laser power and pulse length. 
 
It can be observed from figure 49.4 that shortest pulse lengths cause smallest hole areas. When laser 
pulse lasts longer time, interaction between laser beam and paper material is also longer resulting 
larger holes as more material is evaporated. It can also be concluded that longer pulse time causes 
increase in variation of hole areas. Largest and smallest hole areas of whole series are achieved 
when pulse length of 90 ms is used. Reason for this can be heterogeneity in dried kraft pulp used i.e. 
distribution of dried kraft pulp fibres in material is uneven, especially with hand sheets used. This 
leads into situation that interaction between dried kraft pulp and laser beam is different in different 
locations of material. There can be less material or more material to be evaporated, so same pulse 
length results different hole area depending on local thickness of material and amount of material to 
be evaporated. As laser pulse lasts longer, also interaction time between laser beam and paper 
material is longer. Variations in hole area appear as longer pulse length evaporates material more 
unevenly and also hole areas are varying more. Based on experiments and analysis figure 49.5 
introduces effect of length of pulse and effect of heterogeneity of dried kraft pulp to hole area 
formed. 
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Figure 49.4. Fluence as function of pulse length vs. hole area.  
 

 
Figure 49.5. Effect of length of pulse and effect of heterogeneity of dried kraft pulp to hole 

area formed. 
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49.1.4 Fluence as function of average focal plane position vs. hole area  
 
Figure 49.6 illustrates fluence as function of average focal plane position vs. hole area This defines 
the effect of fluence as function of average focal plane position to average measured hole area, 
when dried kraft pulp was laser treated with different settings of focal position, laser power and 
pulse length. 
 
As from figure 49.6 can be concluded, when average focal plane position increases i.e. focal point is 
located upwards from sample top surface, hole areas increases. When focal point is near to sample 
top surface (average focal plane position of 0 mm) smallest holes are produced.  
 
Appendix 35 shows beam profiles of each used laser power and focal plane position combination. 
When BCA of highest peak intensity BCAImax and BCA of lowest peak intensity BCAImin are taken 
into account, effect of focal plane position to produced hole area can be understood. Figure 49.7 
represents focal plane position vs. BCA. 
 

 
 
Figure 49.6. Fluence as function of average focal plane position vs. hole area.  
 
As figure 49.7 reveals, BCAImin is much higher than BCAImax. As focal point is located upwards from 
sample top surface, BCAImin increases a lot. BCAImax increases also but only slightly as focal point is 
located upwards. This refers to fact that as ICA is larger as focal point is located upwards from 
sample top surface this is one major reason why larger holes are formed.  
 
As figure 49.6 reveals, there is very good correlation between fluence and hole area when average 
focal plane position is considered. Trend lines of average focal plane positions 3.2 mm and 2.2 mm 
are very close to each other, as well as trend lines of average focal plane positions 0.2 mm and -0.8 
mm. Clearly trend line of average focal plane position of 1.2 mm forms its own group. When f´(x) is 
calculated from linear line equations from figure 49.6, grading into three groups can be done (see 
table 49.1).  

y = 0,001x + 0,1527
R² = 0,8788

y = 0,0009x + 0,1124
R² = 0,9035

y = 0,0005x + 0,1082
R² = 0,9503

y = 0,0002x + 0,2357
R² = 0,7854

y = 0,0002x + 0,1656
R² = 0,8559

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 500 1000 1500 2000 2500 3000 3500

H
o

le
 a

re
a,

 m
m

2

Fluence, J mm-2

Average focal plane position 3.4 mm Average focal plane position 2.4 mm
Average focal plane position 1.4 mm Average focal plane position 0.4 mm
Average focal plane position -0.6 mm



 

 

173 (265)

 
Figure 49.7. Focal plane position vs. BCA. 
 
Table 49.1 Grading of average focal plane positions of fluence as function of average focal 

plane position vs. hole area as function of f´(x). 
 

Average focal plane position, mm f´(x) Group 
3.4  0.001

1 
2.4  0.0009 
1.4  0.0005 2 
0.4  0.002 

3 
-0.6  0.002 

 
49.1.5 Maximum spectral intensity as function of pulse length vs. hole area  
 
Figure 49.8 illustrates effect of maximum spectral intensity as function of pulse length vs. hole area 
when dried kraft pulp was laser treated with different settings of focal position, laser power and 
pulse length. 
 
Figure 49.8 shows that when maximum spectral intensity increases, also formed hole area is larger. 
When pulse length of 10 ms is used smallest hole area is formed and when largest pulse length of 
90 ms is used, largest hole area is produced. It can be concluded that as interaction time between 
laser beam and paper material is longer, it can be noticed as larger hole area and higher intensity of 
emitted radiation. 
 
49.1.6 Maximum spectral intensity as function average focal plane position vs. maximum 

temperature  
 
Figure 49.9 illustrates maximum spectral intensity as function of average focal plane position vs. 
maximum temperature. This illustrates the dependency of maximum spectral intensity as function 
of average focal plane position to maximum temperature, when dried kraft pulp was laser treated 
with different settings of focal position, laser power and pulse length. 
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Figure 49.8. Maximum spectral intensity as function of pulse length vs. hole area.  
 
As from figure 49.9 can be seen, some data points are missing. It can be suggested that issue needs 
further studies and more data points so that real conclusion could be drawn about maximum spectral 
intensity vs. maximum temperature. Nevertheless, following assumptions expressed in figure 49.10 
are made to figure 49.9 so that conclusions can be made and maximum spectral intensity as function 
of focal plane position vs. maximum temperature can be analysed. 

 

 
 

Figure 49.9. Maximum spectral intensity as function of average focal plane position vs. 
maximum temperature. 

y = 0,0008x - 0,5914
R² = 0,5405

y = 0,0008x - 0,4619
R² = 0,3654

y = 0,0011x - 0,7043
R² = 0,5875

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

700 800 900 1000 1100 1200 1300 1400 1500

H
o

le
 a

re
a,

 m
m

2

Maximum spectral intensity, Au

Pulse length 10 ms Pulse length 40 ms Pulse length 90 ms

y = 1,4598x - 955,89
R² = 0,9504

y = 0,1665x + 409,69
R² = 0,0582

400

500

600

700

800

900

1000

1100

1200

700 800 900 1000 1100 1200 1300 1400 1500

M
ax

im
u

m
 t

em
p

er
at

u
re

, 
o
C

Maximum spectral intensity, Au

Average focal plane position 3.4 mm Average focal plane position 2.4 mm
Average focal plane position 1.4 mm Average focal plane position 0.4 mm
Average focal plane position -0.6 mm



 

 

175 (265)

 As from figure 49.10 can be noticed, as average focal plane position increases i.e. focal point is 
located upwards from sample top surface, increase in maximum spectral intensity has an increasing 
connection to interaction temperature. This effect disappears as focal plane position is moved near 
to sample top surface. Based on appendix 35, figure 49.11 shows focal plane position vs. peak 
intensity of BCAImax and BCAImin. 

 
 
Figure 49.10. Assumptions made to maximum spectral intensity as function of average focal 

plane position vs. maximum temperature. 

 
Figure 49.11. Focal plane position vs. peak intensity of BCAImax and BCAImin. 
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As it can be seen from figure 49.11, peak intensity BCAImax and BCAImin is much higher when focal 
point is close to sample top surface and focal plane position near to value zero than as focal point is 
far away from sample top surface. Especially BCAImax decreases a lot when focal plane position 
increases. As figure 49.7 shows, BCAImax and BCAImin increases as focal point is located upwards 
from sample top surface. This refers to fact that ICA is also larger as focal plane position increases.  
It can be suggested that when focal point is far away upwards from sample top surface and ICA is 
large and this way peak intensity is very low, interaction between laser beam and dried kraft pulp 
causes low interaction temperature and also low emitted maximum spectral intensity. And vice 
versa, as focal point is near sample top surface and close to focal plane position zero and ICA is 
small and peak intensity very high, interaction temperature is high and emitted maximum spectral 
intensity high.  
 
49.1.7 Maximum temperature as function of average laser power vs. HAZ  
 
Figure 49.12 illustrates maximum temperature as function of average laser power vs. HAZ. This 
shows the relativity of maximum temperature as function of average laser power to HAZ, when 
dried kraft pulp was laser treated with different settings of focal position, laser power and pulse 
length. 

 
Figure 49.12. Maximum temperature as function of average laser power vs. HAZ.  
 
As from figure 49.12 can be noticed increase in average laser power as interaction temperature 
increases decreases HAZ remarkably. Higher laser power rises interaction temperature and this 
results decrease in HAZ. When higher amount of laser energy is brought to sample top surface, size 
of HAZ decreases. And vice versa, HAZ increases with decrease in fluence. This is surprising since 
it can be assumed that larger amount of laser energy on top of material surface increases HAZ. But 
it looks like higher amount of laser energy enhances pyrolysis of material so that less unburned etc. 
material is left around laser beam and paper material interaction zone. Higher interaction 
temperature also refers to pyrolysis and more complete burning. Conclusion is that laser power 
increases interaction temperature of laser beam and paper material resulting enhanced pyrolysis i.e. 
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decomposition of material to small volatile compounds is more complete thus causing smaller heat 
affected zone. 
 
49.1.8 Maximum temperature as function of pulse length vs. HAZ  
 
Figure 49.13 illustrates maximum temperature as function of pulse length vs. HAZ. This represents 
the dependency of maximum temperature as function of pulse length to HAZ, when dried kraft pulp 
was laser treated with different settings of focal position, laser power and pulse length. 

 
Figure 49.13. Maximum temperature as function of pulse length vs. HAZ.  
 
As from figure 49.13 can be analysed, shortest pulse length 10 ms results largest heat affected 
zones. Increase in interaction temperature decreases strongly HAZ when pulse length 10 ms is 
observed. It can be also noticed that long pulse length results smallest heat affected zone. As 
interaction time between laser beam and paper material increases, also interaction temperature 
increases and this way material decomposition is closer to pyrolysis. 
 
49.1.9 Hole area as function of average laser power vs. HAZ  
 
Figure 49.14 illustrates hole area as function of average laser power vs. HAZ. This explains the 
relativity of hole area as function of average laser power to HAZ, when dried kraft pulp was laser 
treated with different settings of focal position, laser power and pulse length. 
 
As from figure 49.14 can be seen, increase of hole area is connected to decreasing characteristics of 
HAZ; hole area and HAZ have reverse direction of increase. Increase in laser power increases hole 
area and HAZ. Based on appendix 35, figure 49.15 presents laser power vs. laser power in BCAImax 
and BCAImin. 
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Figure 49.14. Hole area as function of average laser power vs. HAZ.  

 
Figure 49.15. Laser power vs. laser power in BCAImax and BCAImin. 
 
As from figure 49.15 can be seen, laser power in BCAImax and BCAImin increases as laser power 
increases. This causes larger hole areas with increase of laser power together with the fact that 
higher average laser power removes more material than lower value. Also increase in average laser 
power widens variation of hole areas; low average laser power generates small variation is produced 
hole areas.  
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49.2 Definition of BHR100/BHR86 limit fluence  
 
Table 49.2 illustrates definition of BHR100/BHR86 limit fluence. Calculations of f´(x) are shown in 
appendix 650. 
 
Table 49.2 Definition of BHR100/BHR86 limit fluence. 
 

 

Limit fluence, J mm-2 
BHR100 BHR86 

f´(x) ≥ -0.1 f´(x) ≥ -0.1 
x x 

I-
I 

pa
ra

m
et

er
s 

Fluence  273 260 

Fluence as 
function of 

Average 
laser power 

141 W 341 316 
266 W 361 353 
385 W 227 217 
498 W 182 175 

Pulse length 
10 ms 483 460
40 ms 316 300
90 ms 252 240 

Average 
focal plane 

position 

3.4 mm 297 271 
2.4 mm 364 350 
1.4 mm 183 172 
0.4 mm 23 21 
-0.6 mm 17 16

 
Table 49.2 reveals that BHR100/BHR86 limit fluencies are very close to each other. It was 
concluded that BHR86 limit fluence is more useful parameter since beam cross-section representing 
86 % of all used laser power is more often used and it describes better  “effective” beam cross-
section area than if hole beam cross-section area (BHR100) is taken into account. 
 
49.3 MMM analysis of quality parameters 
 
Images of active illumination imaging system are shown in appendix 37. Evaluation system is 
shown in appendix 17. Numerical data of visual evaluation of active illumination imaging system 
images are shown in appendix 38. 
 
49.3.1 MMM analysis of hole area 
 
Figure 49.16 illustrates visual evaluation for images of active illumination imaging system of 
minimum, median and maximum range of hole area. These values are illustrated in table 48.2.  
 
It can be noticed from figure 49.16, that minimum range of hole areas have best overall quality of 
all ranges evaluated. Also size evaluated visually correlates with measured hole size. Roundness, 
conicality, HAZ and blackness are also best of all evaluated ranges according to evaluation system 
represented in appendix 17. Median range results bad overall quality and high blackness. Also 
maximum range of hole area is concluded to produce bad overall quality, large HAZ and high 
blackness. 
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Figure 49.16. Visual evaluation for images of active illumination imaging system of minimum, 
median and maximum range of hole area. 

 
It can be concluded that hole area as parameter to describe quality hole produced with laser beam 
and paper material interaction shows hole size numerically but not quality as HAZ and blackness. 
MMM analysis of hole area reveals that minimum, median and maximum range of hole area also 
obeys order of visual quality: minimum range correlates with best visual quality, median and 
maximum range correlates with adequate or poor visual quality. 
 
49.3.2 MMM analysis of HAZ 
 
Figure 49.17 shows visual evaluation for images of active illumination imaging system of 
minimum, median and maximum range of HAZ. These values are illustrated in table 48.3.  
 
It can be noticed from figure 49.17, that minimum range of HAZ has quite bad overall quality which 
is evaluated visually. Median range of HAZ has very bad overall quality and maximum range 
adequate as well. This is quite surprising but it can be explained by high blackness values. Surprise 
also is that maximum range of HAZ has low blackness. It can be determined that HAZ as quality 
parameter gives contradictory results when visual evaluation of quality is taken into account. This 
leads to conclusion that HAZ as quality parameter is not useful. 
 
49.3.3 MMM analysis of ΔHAZ 
 
Figure 49.18 represents visual evaluation for images of active illumination imaging system of 
minimum, median and maximum range of ΔHAZ. These values are illustrated in table 48.4.  
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Figure 49.17.  Visual evaluation for images of active illumination imaging system of minimum, 
median and maximum range of HAZ. 

 
It can be noticed from figure 49.18, that minimum range of ΔHAZ has very good visual overall 
quality. Roundness is high and conicality, HAZ and blackness low. Maximum range of ΔHAZ has 
worst visual overall quality. Roundness is rather low and conicality, HAZ and blackness high. 
Median range of ΔHAZ appears to locate between minimum and maximum range. It can be 
concluded that ΔHAZ is good quality parameter and correlates well to visual evaluation of quality of 
laser beam and paper material interaction.  
 
49.3.4 MMM analysis of conicality 
 
Figure 49.19 introduces visual evaluation for images of active illumination imaging system of 
minimum, median and maximum range of conicality. These values are illustrated in table 48.5.  
It can be noticed from figure 49.19, that minimum range of conicality has best visual overall 
quality. Roundness is excellent but surprising conicality, HAZ and blackness rather high. Maximum 
range of conicality has worst visual overall quality. Roundness is small and conicality, HAZ and 
blackness high. It can be concluded that maximum range of conicality has good correlation to visual 
bad quality of laser treated paper material.  
 
Median range of conicality has surprising as good visual overall quality and roundness as minimum 
range of conicality. When observing closely median range of conicality and visual evaluation of 
conicality it can be noticed that median range represents lowest conicality values. This is quite 
contradictory to fact that minimum range of conicality should be representing smallest visual 
conicality. Nevertheless, conicality is describing only level of conicality of laser treated paper 
materials and this correlation to visual evaluation is contradictory, as it can be seen from figure 
49.19. It can be concluded that conicality is not describing well overall quality of laser treated paper 
material.  
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Figure 49.18. Visual evaluation for images of active illumination imaging system of minimum, 
median and maximum range of ΔHAZ. 

 

 
Figure 49.19. Visual evaluation for images of active illumination imaging system of minimum, 

median and maximum range of conicality. 
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IV DISCUSSION  
 
50 Discussion 
 
50.1  BHR86 limit fluence 
 
As it was concluded in table 49.1, focal plane positions can be graded into three groups, also 
BHR86 limit fluence calculated in table 49.2, also follows this grading. Table 50.1 illustrates this 
grading. 
 
Table 50.1 Grading of average focal plane positions of into three groups based on BHR86 

limit fluence value. 
 

Average focal plane position, mm BHR86 limit fluence,  J mm-2 Group 
3.4  271 

1 
2.4  351 
1.4  172 2 
0.4  21

3 
-0.6   16 

 
To be able examine closely values in table 50.1, figure 50.1 shows comparison and grading of 
BHR86 limit fluence as function of focal plane position.  
 
It can be seen from figure 50.1, that BHR86 limit fluencies as function of focal plane position obeys 
grading of focal plane positions as table 50.1 introduces. BHR86 reveals details of interaction 
because it contains input parameters and output parameters in one value. This is why fluence as 
function of average laser power vs. BHR86 is studied in details (see figure 50.2).  
 

 
Figure 50.1. Average focal plane position vs. BHR86 limit fluence. 
 

0

50

100

150

200

250

300

350

400

-4,0 -3,5 -3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

B
H

R
86

 l
im

it
 f

lu
en

ce
,J

 m
m

-2

Average focal plane position, mm

Group 1

Group 2

Group 3



 

 

184 (265)

 
 
Figure 50.2.  Fluence as function of average focal plane position vs. BHR86. 
 
As from figure 50.2 can be seen, decrease in average focal plane position is decreasing BHR86 
value dramatically. When focal point is located close to sample top surface, hole area compared to 
beam cross-section area increases. This means that when focal point is located upwards from 
sample top surface, hole area equal to beam cross-section area is produced. Ability of beam to 
evaporate more material decreases as average focal plane position is moved upwards from surface 
of the workpiece. This is obvious since as focal point is located to sample top surface i.e. average 
focal plane position is 0 mm, it has laser power in BCAImax and BCAImin (see figure 49.15) and this 
removes material most efficiently. Correlation between fluence and BHR86 as function of average 
focal plane position is good.  
 
50.2  Minimum BHR86 and maximum BHR86 values of curve of fluence as function of 

average focal plane position vs. BHR86 
 
Two minimum BHR86 and two maximum BHR86 of each focal plane position curves in figure 50.2 
are examined and corresponding I-I parameters are studied as figure 50.3 represents. See details in 
appendix 39. This is done to be able to understand which parameters affect and how they affect 
fluence as function of focal plane position vs. BHR86 in both “ends” of curve.  
 
Firstly, when I-I parameters (laser power, pulse length and focal plane position) are examined, it 
noticed that maximum fluence values of curve of fluence as function of average focal plane position 
vs. BHR86 have all same pulse length value of 10 ms and minimum fluence values pulse length of 
90 ms correspondingly. See details from appendix 39.  
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Figure 50.3.  Minimum BHR86 and maximum BHR86 values of curve of fluence as function of 

average focal plane position vs. BHR86. 
 
Figure 50.4 illustrates laser power as function of minimum and maximum range (of fluence vs. 
BHR86) vs. BHR86 values. Minimum and maximum ranges of each curve shown in figure 50.2 are 
examined.   

 
Figure 50.4.  Laser power as function of minimum and maximum range (of fluence vs. BHR86) 

vs. BHR86. 
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As it can be seen from figure 50.4, maximum range of BHR86 is achieved by using laser power of 
~150 W and ~250 W but an exception is maximum range of average focal plane position -0.6 mm 
which have laser power setting of ~400 W and ~500 W. Minimum range of BHR86 is achieved by 
using laser power of ~400W and ~500W.  
 
When effect of I-I parameters to minimum and maximum fluence values of curve of fluence as 
function of average focal plane position vs. BHR86 are studied, figure 50.5 illustrates focal plane 
position as function of minimum and maximum range (of fluence vs. BHR86) vs. BHR86.   
 
Figure 50.5 reveals that maximum range values and minimum range values decreases with decrease 
of focal plane position. As focal point is closer to sample top surface, hole areas formed during laser 
beam and paper material interaction are larger when compared to ICA. According to figure 50.5 it is 
obvious that as focal point is close to sample top surface and ICA is close to focal point cross-
section and also highest peak intensity (see figure 49.15) is present, hole areas formed are large.  
 
As focal plane position increases i.e. focal point is located far away upwards from sample top 
surface and ICA on sample top surface increases, BHR86 increases and also variation between 
BHR86 values increases. This means that, as ICA in sample top surface is larger and peak intensity 
is higher (see figure 49.15), formed hole areas are equal to ICA.  

 
 
Figure 50.5.  Focal plane position as function of minimum and maximum range (of fluence vs. 

BHR86) vs. BHR86. 
 
Figure 50.6 shows visual evaluation for maximum range of fluence as function of average focal 
plane position vs. BHR86. Images of active illumination imaging system, macrographs and 
micrographs are shown in appendix 37. System for visual evaluation is represented in appendix 19. 
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Numerical data of these visual evaluations of quality of laser beam and paper material interaction 
are shown in appendix 38. 
 
Figure 50.6 reveals that visual quality of maximum range of fluence as function of average focal 
plane position vs. BHR86 follows order of average focal plane position. Best visual overall quality 
is when average focal plane position of 3.4 mm and 2.4 mm are used. Holes formed are in these 
cases small and round. Conicality, HAZ and blackness are low. According to figure 50.6, when 
average focal plane position setting of -0.6 mm and 0.4 mm are used overall quality by visual 
evaluation decreases. Hole size is larger and holes are less round than when average focal point was 
3.4 mm above from sample top surface. Also conicality, HAZ and blackness are high especially 
with average focal plane position -0.6 mm. As from figure 50.4 can be seen, maximum range of 
BHR86 is achieved with laser power of ~400 W and ~500 W, when average focal plane position -
0.6 mm is used. This is explaining high conicality, HAZ and blackness.  
 
Figure 50.7 shows visual evaluation of produced quality for maximum range of fluence as function 
of focal plane position vs. BHR86. These values can be seen from appendix 38. 

 
 
Figure 50.6. Visual evaluation for images of active illumination imaging system of maximum 

range of fluence as function of average focal plane position vs. BHR86. 
 
Figure 50.7 reveals that visual quality of minimum range of fluence as function of average focal 
plane position vs. BHR86 also obeys order of average focal plane position; overall quality of laser 
treatment is decreasing as focal point is located to sample top surface. Nevertheless, overall quality 
of visual evaluation is poor when all average focal plane positions are considered.  
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Figure 50.7. Visual evaluation for images of active illumination imaging system of minimum 
range of fluence as function of average focal plane position vs. BHR86. 

 
From figures 50.6 and 50.7 it can be concluded that maximum range of BHR86 values in fluence as 
function of average focal plane position vs. BHR86 (see figure 50.2) represents good visual quality 
and minimum BHR86 values poor visual quality. 
 
Figure 50.5, 50.6 and 50.7 reveal that interaction mechanism is different when focal point is on 
sample top surface or far away from it. When focal point is close to sample top surface hole area 
formed compared to ICA are larger and when focal point is far away from sample top surface 
produced hole areas are equal to ICA. Mechanism in average focal plane positions in range of 3.4 
mm and 2.4 mm is called interaction mechanism A and mechanism in focal plane positions in range 
of 0.4 mm and -0.6 mm is interaction mechanism B. These mechanisms are assumed to be different 
from each other. It is also assumed by the analysis that mechanism in focal plane position 1.4 mm is 
something between interaction mechanism A and B and is called interaction mechanism A-B. Table 
50.1 can then be rewritten as table 50.2 shows. 
 
Table 50.2  Grading of average focal plane positions of into three groups. 
 

Average focal plane position, mm BHR86 limit fluence, J mm-2 Group Interaction mechanism
3.4  271 

1 B 
2.4  351 
1.4  172 2 A-B 
0.4   21 

3 A 
-0.6   16 
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50.3 Definition of interaction mechanism 
 
As it was concluded in table 50.2, it is assumed that interaction of laser beam and paper material has 
two mechanisms that are dependent on focal plane position range. Assumed interaction mechanism 
B appears in range of average focal plane position of 3.4 mm and 2.4 mm and assumed interaction 
mechanism A in range of average focal plane position of 0.4 mm and -0.6 mm. Focal plane position 
1.4 mm represents midzone of these two mechanisms. Assumption of difference of this mechanism 
is done based on figures 49.6 and 50.2 which show grading of results clearly into two different 
groups. To be able to understand characteristics of these mechanisms maximum spectral intensity 
and maximum temperature are studied closely. Table 50.2 can be rewritten for more accurate study 
as table 50.3 illustrates. 
 
Table 50.3 Grading of average focal plane positions of into three groups. 
 

Average focal  
plane position, mm 

Focal plane 
position, mm 

Group 
Interaction  
mechanism 

3.4  
2.0 – 4.0 1 B 

2.4  
1.4  1.0 – 2.0 2 A-B 
0.4  

-0.2 – 1 3 A 
-0.6  

 
To understand characteristics of interaction phenomena of laser beam and paper material, maximum 
spectral intensity and maximum temperature are examined closely. Figure 50.8 shows focal plane 
position vs. maximum spectral intensity divided into assumed interaction mechanism zones 
according to table 50.3.  

 
 
Figure 50.8. Focal plane position vs. maximum spectral intensity.  
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As from figure 50.8 can be seen, maximum spectral intensity increases as focal plane position is 
changed from -1 mm to 1 mm in range of interaction mechanism A. When focal point is located 
from position 2 mm to position 4 mm in range of interaction mechanism B, maximum spectral 
intensity increases but less than in range of interaction mechanism A. Increase of maximum spectral 
intensity as function of focal plane position is largest in midzone A-B. Table 50.4 shows average 
maximum spectral intensity of each interaction mechanism range. 
 
Table 50.4  Average maximum spectral intensity of interaction mechanism ranges. 
 

Average focal  
plane position, mm 

Group 
Interaction  
mechanism 

Average maximum  
spectral intensity, Au 

3.4  
1 B 1013.7 

2.4  
1.4  2 A-B 1071.65 
0.4  

3 A 1072.8 
-0.6  

 
As from table 50.4 can be seen, there is slight increase of average maximum spectral intensity as 
focal point approaches sample top surface. It can be concluded that as focal point is near sample top 
surface i.e. focal plane position is zero intensity of emitted radiation is higher as in case of focal 
point being far away from sample top surface. 
 
Figure 50.9 shows focal plane position vs. maximum temperature. 

 
 
Figure 50.9. Focal plane position vs. maximum temperature.  
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assumed that in range of interaction mechanism B maximum temperature turns to decrease as focal 
point is located from position 2 mm to position 4 mm. Maximum temperature is increasing in 
interaction midzone A-B as focal point is located from 1 mm to 2 mm. Table 50.5 shows average 
maximum temperature of each interaction mechanism range. 
 
Table 50.5 Average maximum temperature of interaction mechanism ranges. 
 

Average focal  
plane position, mm 

Group 
Interaction  
mechanism 

Average maximum  
temperature, °C 

3.4  
1 B 606 

2.4  
1.4  2 A-B 650 
0.4  

3 A 578 
-0.6  

 
It can be concluded from table 50.5 that average maximum temperature is highest in interaction 
midzone A-B. Difference between interaction mechanisms A and B is negligible.  
 
Based on figures 50.8 and 50.9 and tables 50.4 and 50.5, table 50.3 can be rewritten as table 50.6 
shows.  
 
Table 50.6 Grading of average focal plane positions of into three groups.  
 

Average focal plane position, 
mm 

Group 
Interaction 
mechanism

Maximum spectral 
intensity

Maximum 
temperature

3.4 
1 B Low Low 

2.4 
1.4 2 A-B Medium High 
0.4 

3 A High Low 
-0.6 

 
As from table 50.6 can be seen, as in interaction mechanism A focal point is near sample top 
surface, maximum spectral intensity increases is high and maximum temperature low whereas in 
interaction mechanism A focal point is far away upwards from sample top surface, maximum 
spectral intensity is low and maximum temperature high.  
 
To understand interaction mechanism A and B deeply, spectrometer data, pyrometer data and active 
illumination imaging system images for all used laser power values and pulse lengths of average 
focal plane position 0.4 mm (interaction mechanism A) should be considered and are shown in 
appendix 40. Correspondingly, spectrometer data, pyrometer data and images with active 
illumination for all used laser power values and pulse lengths of average focal plane position 3.4 
mm (interaction mechanism B) are illustrated in appendix 41. 
 
When average focal plane position 0.4 mm (interaction mechanism A) is used, interaction 
temperature reaches values over 488°C (pyrometer measures temperatures above this temperature) 
and shows changes of interaction temperature very accurately. Spectrometer shows single peak of 
intensity of emitted radiation in wavelength of 588-589 nm but also increase of intensity level in 
wavelength range of ~475-652 nm. This wavelength range is within wavelength range of visible 
light. It is obvious that in interaction mechanism A, high temperatures are present and they can be 
also seen not only as high spectral intensity as single peak of intensity of 588-589 nm but also as an 
increase in intensity in wavelength range of ~475-652 nm. Figure 50.10 illustrates CIE chromaticity 
diagram (Ye et al., 2010; Lynn et al., 2012) and location of wavelength of 588-589 nm. 
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Figure 50.10. CIE chromaticity diagram and location of 588-589 nm (Ye et al., 2010; Lynn et al., 

2012) 
 
Figure 50.18 reveals that wavelength 588-589 nm corresponds to temperature ~1750°C. So it can be 
concluded that each time single peak of intensity in wavelength of 588-589 nm appears it refers to 
sudden temperature of ~1750°C. It is surprising note that pyrometer does not detect this 
temperature. It can be explained by fact that as material “directly evaporates” to gaseous phase, 
there is no molten phase present which pyrometer could measure. So this phase transition from solid 
material to gas can be noticed by spectrometer but not with pyrometer.  
 
When average focal plane position of 3.4 mm (interaction mechanism B) is used, there is only one 
temperature measurement detected by pyrometer. See appendix 41 for details. Spectrometer detects 
in most cases just a single peak of intensity of emitted radiation in wavelength of 588-589 nm. One 
reason for this is the fact that as this wavelength refers to temperature of ~1750°C, it is not detected 
by pyrometer as phase transition is from solid to gaseous. 
 
Table 50.7 shows conclusions of spectrometer and pyrometer measurements of interaction 
mechanism A and B (for full set of data see appendix 40 and 960).  
 
Table 50.7  Features of interaction mechanism A and B based on spectrometer and pyrometer 

measurement data 
 

Average focal 
plane position, mm 

Interaction 
mechanism 

Spectrometer data Pyrometer data 
Single peak of 

intensity in 585 nm 
Intensity in wavelength 
range of 475- 625 nm 

Detected 
temperature 

3.4 
B Yes No One measurement 

2.4 
0.4 

A Yes Yes 
Most of the 

measurements -0.6 

 
It can be noticed from table 50.8 that active illumination imaging system has been able to capture 
images of hole formation (see also appendix 40). Table 50.8 presents typical results from this work. 
As each parameter set was repeated four times (see appendix 6), tables in discussion contains only 
relevant data: at the top of the table the parameters are listed and then photographic results from 
experimental trials are presented to demonstrate of effect discussed. Appendices mentioned in these 

588-589 nm

~1750°C

x chromacity cooradinate
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contexts shows photographs from four identical experimental trials and they are presented to 
demonstrate the repeatability of the process. 
 
Table 50.8 Images of hole formation captured by active illumination imaging system and 

corresponding spectrometer and pyrometer data. 
a) 

Laser power 503 W Laser power 503 W 
Focal plane position 0.8 mm Focal plane position 0.8 mm 

Pulse length 10 ms Pulse length 90 ms 
Hole diameter 0.67 mm Hole diameter 0.67 mm 

Active illumination imaging system 
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b) 
Laser power 503 W Laser power 503 W 

Focal plane position 0.8 mm Focal plane position 0.8 mm 
Pulse length 10 ms Pulse length 90 ms 

Spectrometer 
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c) 
Laser power 503 W Laser power 503 W 

Focal plane position 0.8 mm Focal plane position 0.8 mm 
Pulse length 10 ms Pulse length 90 ms 

Pyrometer 

 
Table 50.8 shows that holes are formed gradually: first small hole to interaction area of centre of 
laser beam cross-section is formed and after that as function of interaction time hole expands, until 
interaction between laser beam and dried kraft pulp is ended. Table 50.8 reveals something very 
important: when hole images of small holes in beginning of laser beam and dried kraft pulp 
interaction are observed, they have very good quality. It is obvious that black colour and HAZ 
appear as function of interaction time. This reveals that even though in table 50.7 two different 
interaction mechanism were introduced there still is different interaction phases within interaction 
mechanisms A and B. These interaction phases appear as function of time and also obviously as 
function of peak intensity of laser beam.  
 
50.4 Characteristics of interaction mechanism A 
 
Table 50.9 shows very clearly that interaction mechanism A is divided into two interaction phases 
(see appendix 42 for further details). Results in table 50.9 from two identical experimental trials are 
presented to demonstrate the repeatability of the process. “Initial experiment” stands for initial test 
in this table and “repeat experiment” means test repeated exactly in same conditions as initial test. 
 
As table 50.9 shows, interaction mechanism A is divided into interaction phase I and interaction 
phase II. This two-phase characteristic of interaction mechanism A is called mechanism A dual 
phase mode (MADM). Interaction phase I consists time range when laser beam hits dried kraft pulp 
and interaction phase II time range slightly before this interaction is ended. It can be noticed from 
table 50.9 that during interaction phase I laser beam hits dried kraft pulp and first a small hole 
which area is much smaller than hole area formed during interaction phase II. As a function of 
interaction time hole area enlarges until it attains its maximum area in interaction phase II and 
interaction between laser beam and paper material is then ended. See also appendix 35 for further 
details. 
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Table 50.9 Interaction phases of interaction mechanism A. 
 

 

Laser power 503 W Laser power 503 W 
Focal plane position 0.8 mm Focal plane position 0.8 mm 

Pulse length 90 ms Pulse length 90 ms 
Initial experiment Repeat experiment 

Hole diameter 0.67 mm Hole diameter 0.67 mm 

Beam profile 

No interaction 

Interaction 
phase I 

Interaction 
phase II 

 
 As BCAImax in range of interaction mechanism A (average focal plane positions 0.4 mm and -0.6 
mm) has highest peak intensity and as it is shown in figure 49.15 also highest peak intensity, it is 
obvious that this area interacts first as function of interaction time with dried kraft pulp. As 
interaction continues also “edge of laser beam”, namely BCAImin interacts with dried kraft pulp and 
then whole hole area is formed. It is assumed that interaction phases I and II have different 
characteristics; phase I consists of evaporation of paper material and that gives good quality and 
phase II consist of interaction that results poor quality with a lot of black debris in ICA.    
 
It can be concluded from table 50.9 that quality of hole in interaction phase I is good but as 
interaction continues and interaction phase II starts quality gets worse. It can be concluded that in 
interaction phase I when interaction is between BCAImax and dried kraft pulp exists quality of 
interaction area is good but as interaction phase II begins (BCAImin is in contact with paper material) 
lower power density is affecting the surface and quality gets worse as black colour appears around 
hole formed. (See also appendix 42.) Table 50.10a and 50.10b shows details of spectrometer data of 
interaction phases I and II of interaction mechanism A of table 50.9. 
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Table 50.10 Spectrometer data of interaction mechanism A. 
 
a) 

Laser power 503 W 
Focal plane position 0.8 mm 

Pulse length 90 ms 
Initial experiment 

 
b) 

Laser power 503 W 
Focal plane position 0.8 mm 

Pulse length 90 ms 
Repeat experiment 

 

Interaction phase I
Interaction phase II

Interaction phase I
Interaction phase II
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According to table 50.10a and 50.10b, separation between phases I and II of interaction mechanism 
A can be clearly seen from spectrometer data by intensity peaks and time. In interaction phase I 
highest intensity peak is observed and in interaction phase II remarkably lower intensity peak range, 
still higher than background noise, can be noticed. This refers to fact that as BCAImax interacts in 
interaction phase I with dried kraft pulp it can be seen as high intensity peak in spectral data. This 
intensity peak of 588-589 nm refers to temperature ~1750°C when dried kraft pulp is “directly 
evaporated” from solid material to gaseous components. As BCAImin interacts with dried kraft pulp, 
it can be observed as remarkably lower intensity range in spectral data in range of ~475-652 nm. 
See appendix 42 for further information. 
 
Table 50.11a and 50.11b illustrates details of pyrometer data of interaction phases I and II of 
interaction mechanism A of table 50.9. 
 
As it can be seen from table 50.11a and 50.11b, temperature gradually increases to maximum 
temperature and then decreases as interaction is ended. It can be seen from table 50.11a and 50.11b 
and also from appendix 42 that maximum temperature is reached during interaction phase I or in 
end of it. Pyrometer does not obviously detect temperature of ~1750°C (spectral peak of 588-589 
nm), so appearance of temperature increase in phase II  refers also to different interaction phases. 
 
To be able to understand dependency between spectrometer data and pyrometer data of interaction 
mechanism A, active illumination imaging system images, spectrometer data and pyrometer data of 
laser power 503 W and focal plane position 0.9 mm and pulse length 10 ms is examined in table 
50.12. 
 
Table 50.11 Pyrometer data of interaction mechanism A. 
 
a) 

Laser power 503 W 

Focal plane position 0.8 mm 

Pulse length 90 ms 

Initial experiment 
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b) 
Laser power 503 W 

Focal plane position 0.8 mm 

Pulse length 90 ms 

Repeat experiment 

 
 Table 50.12 Dependence between spectrometer and pyrometer data of interaction mechanism A. 
 
a) 

Laser power 503 W 
Focal plane position 0.8 mm 

Pulse length 10 ms 
Hole diameter 0.66 mm 

Active illumination imaging system 

Spectrometer Pyrometer 
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b) 
Laser power 503 W 

Focal plane position 0.8 mm 
Pulse length 40 ms 

Hole diameter 0.66 mm 
Active illumination imaging system 

Spectrometer Pyrometer 
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c) 

Laser power 503 W 
Focal plane position 0.8 mm 

Pulse length 90 ms 
Hole diameter 0.67 mm 

Active illumination imaging system 

Spectrometer Pyrometer 

 
As it can be seen from table 50.12a, it is obvious that in interaction phase I of interaction 
mechanism A, big intensity peak of 588-589 nm in spectral data is the one appearing as laser beam 
interacts with dried kraft pulp and goes through it. This intensity peak refers to temperature 
~1750°C when dried kraft pulp is “directly evaporated” from solid material to gaseous components. 
This can be seen also from active illumination imaging system images. Temperature shown by 
pyrometer reaches ~650°C in interactions and it can be observed as remarkably lower intensity 
range in spectral data in range of ~475-652 nm. 
 
As interaction time is longer, 40 ms in table 50.12b, it can be noticed from spectral data that also 
interaction phase II of interaction mechanism A appears. It is obvious that as interaction time is 
longer, phase II takes place. Table 50.13 illustrates closely this spectral data of laser power 503 W 
and pulse length 40 ms. 
 
As it can be seen from figure 50.14, there exists interaction phase I and II also when shorter pulse 
length 40 ms is used. As function of interaction time in interaction phase I strong intensity peak 
appears (refers to temperature of ~1750ºC) and in interaction phase II intensity of emitted radiation 
is lower but clearly visible.  
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Table 50.13 Spectrometer data of interaction mechanism A. 
 

Laser power 503 W 
Focal plane position 0.8 mm 

Pulse length 40 ms 

 

 
As from table 50.12b can be seen temperature during beginning of interaction is increasing 
gradually until it reaches ~725°C in middle of interaction time. Then it decreases as interaction 
between laser beam and dried kraft pulp is over. It can be also seen in case of pulse length 40 ms 
that in interaction phase I, temperature is gradually increasing until it gets maximum value in end of 
interaction phase I. As interaction phase II starts maximum interaction temperature is reached and 
temperature decreases.  
 
When table 50.12 c is studied, it can be seen that two phases of interaction mechanism A can be 
seen in spectrometer data. Temperature also increases gradually until it reaches ~675°C in middle 
of interaction, then it drops gradually. 
 
Table 50.14 shows characteristics of interaction phase I and interaction phase II of interaction 
mechanism A that can be concluded from tables 50.8-50.13. 
 
50.5 Characteristics of interaction mechanism B 
 
For further details see appendix 43, which illustrates all captured images of hole formation of active 
illumination imaging system images of interaction mechanism B (average focal plane position of 
3.4 mm and 2.4 mm) with corresponding spectrometer data and pyrometer data.   
 
Interesting observation is interaction mechanism B simply shows no emission data. Hole appears to 
images of active illumination image system, but no spectral data or no pyrometer data is detected. 
Table 50.15 shows examples of this interaction mechanism B. Further details of the phenomena in 
each case can be seen in appendix 43. 
 
 
 

Interaction phase I
Interaction phase II
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Table 50.14 Characteristics of interaction phase I and II of interaction mechanism A. Time 
axles in pyrometer and spectrometer data are not equivalent since both systems 
have their own timing system and scale and both are started manually. 

 

 
Interaction mechanism A 

Before interaction Interaction phase I Interaction phase II After interaction 

Im
ag

in
g 

sy
st

em
 

 

No data Small hole, good quality 
Large hole, black colour in 

edges, poor quality 
Large hole, black colour

in edges, poor quality 

S
pe

ct
ra

l d
at

a 

 

 

 

No data 
High peak intensity (refers to 
temperature of ~1750°C but 
not detected by pyrometer) 

Low intensity area (refers to 
temperature range  detected 

by pyrometer) 
No data 

T
em

pe
ra

tu
re

 

 

 

 

No data 
Temperature increasing 

gradually 
Temperature decreasing 

gradually 
No data 

M
ax

im
um

 
te

m
pe
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re
 

No data End of interaction phase I 
Beginning of interaction 

phase II 
No data 
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Table 50.15 Active illumination imaging system images, spectrometer data and pyrometer data 
of interaction mechanism B. 

 
Laser power 264 W 

Focal plane position 3.4 mm 
Pulse length 90 ms 

Hole diameter 0.50 mm
Active illumination imaging system 

Spectrometer

Pyrometer
No detected temperature

 
But interesting is that some data in appendix 43 shows that also interaction mechanism B is divided 
into two interaction phases as table 50.16 shows. 
 
As table 50.16 reveals, mechanism B also as two interaction phases as spectrometer data reveals.  
 
50.6 Characteristics of dual mode of interaction mechanism A and B 
 
Strong increase in emission of wavelength range of ~475-652 nm is present as two interaction 
phases appears. This is valid for both interaction phase characteristics of interaction mechanism A 
and B. Table 50.17 shows details of spectrometer data and pyrometer data of two interaction phase 
characteristics of interaction mechanism A and B. See also appendix 42 and 43. 
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Table 50.16 Active illumination imaging system images, spectrometer data and pyrometer data 
of interaction mechanism B. 

a) 
Laser power 384 W Laser power 494 W 

Focal plane position 3.5 mm Focal plane position 2.8 mm 
Pulse length 90 ms Pulse length 90 ms 

Hole diameter 0.52 mm Hole diameter 0.58 mm 
Active illumination imaging system 
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b) 
Laser power 384 W Laser power 494 W 

Focal plane position 3.5 mm Focal plane position 2.8 mm 
Pulse length 90 ms Pulse length 90 ms 

Spectrometer 
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c) 
Laser power 384 W Laser power 494 W 

Focal plane position 3.5 mm Focal plane position 2.8 mm 
Pulse length 90 ms Pulse length 90 ms 

Pyrometer 

No detected temperature 

 
As table 50.17 illustrates, two phase characteristics of interaction mechanism A and B also gives 
strong intensity in wavelength range of ~475-652 nm. This intensity is very high in interaction 
phase I. Strong peak intensity 588-589 nm refers to temperature of ~1750ºC and it is obvious that in 
phase I it is caused as solid kraft pulp is evaporated to gaseous components. It decreases slightly in 
interaction phase II but still appearance of intensity appears in wavelength range of ~475-652 nm. 
As wavelength range of ~475-652 nm is in range of visible light, it refers to fact that also as two 
phase characteristics of interaction mechanism A and B appears there is a lot of emitted radiation in 
range of visible light in phase II.  
 
50.7 Effect of BCAImax and BCAImin to interaction mechanisms 
 
All conclusions gives an assumption that peak intensity in BCA is in key role in appearance of one 
phase or two phase characteristics of interaction mechanism A and B. This is why BCAImax and 
BCAImin and their peak intensities of data point in table 50.15 and 50.16 are examined closely in 
table 50.18. 
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Table 50.17 Spectrometer data two interaction phase characteristics of interaction mechanism 
A and B. 

a) 
Interaction mechanism A Interaction mechanism B 

Laser power 494 W Laser power 503 W 
Focal plane position 2.8 mm Focal plane position 0.8 mm 

Pulse length 90 ms Pulse length 90 ms 
Spectrometer 
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b) 
Interaction mechanism A Interaction mechanism B 

Laser power 494 W Laser power 503 W 
Focal plane position 2.8 mm Focal plane position 0.8 mm 

Pulse length 90 ms Pulse length 90 ms 
Pyrometer 

 
Table 50.18 BCAImax and BCAImin and peak intensities of data point in table 50.15 and 50.16. 
 

 
Laser power 144 W Laser power 264 W 

Focal plane position 2 mm Focal plane position 3.4 mm 
Pulse length 90 ms Pulse length 90 ms 

 

BCAImax, mm2 0.00172 0.01292 
PImax, kW/cm2 825 404 
BCAImin, mm2 0.04117 0.20470 
PImin, kW/cm2 165 81 

 
Laser power 384 W Laser power 494 W 

Focal plane position 3.5 mm Focal plane position 2.8 mm 
Pulse length 90 ms Pulse length 90 ms 

 

BCAImax, mm2 0.00622 0.00789 
PImax, kW/cm2 680 1380 
BCAImin, mm2 0.16667 0.08474 
PImin, kW/cm2 136 276 
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As from table 50.18 can be seen peak intensity in BCAImax is highest when laser power 494 W and 
focal plane position 2.8 mm is used as setting. This refers to fact that peak intensity of BCAImax has 
a connection to appearance of interaction phase I and II. As it was concluded in table 50.17, 
appearance of maximum spectral intensity and maximum temperature are connected to appearance 
of DM, this issue is examined for all used average laser power in figures 50.11-50.14. Also BCAImin 
peak intensity is examined. 

 
 

Figure 50.11.  Focal plane position vs. BCAImax and BCAImin peak intensity, maximum spectral 
intensity and maximum temperature when average laser power 141 W is used. 

 
 
Figure 50.12. Focal plane position vs. BCAImax and BCAImin peak intensity, maximum spectral 

intensity and maximum temperature when average laser power 266 W is used. 
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Figure 50.13. Focal plane position vs. BCAImax and BCAImin peak intensity, maximum spectral 

intensity and maximum temperature when average laser power 385 W is used. 

 
Figure 50.14. Focal plane position vs. BCAImax and BCAImin peak intensity, maximum spectral 

intensity and maximum temperature when average laser power 498 W is used. 
 
As figures 50.11-50.14 reveals, BCAImax and BCAImin peak intensity is in key role in appearance of 
maximum spectral intensity and maximum temperature. It can be seen from figures 50.11-50.14 that 
limit BCAImax peak intensity appearance of maximum spectral intensity and maximum temperature 
is ~1400 kW cm-2 and limit BCAImin peak intensity is ~300 kW cm-2.  When limit BCAImax peak 
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intensity and limit BCAImin peak intensity are surpassed there is a lot of maximum spectral intensity 
and maximum temperature measurements. This is in range of DM. When these limit values are 
failed, spectrometer or pyrometer detects nothing and range is within OM. This thing supports the 
conclusion that these limit values are dividing interaction A and B to OM and DM. 
 
Figures 50.15 and 50.16 examine closely limit BCAImax peak intensity ~1400 kW cm-2 and limit 
BCAImin peak intensity ~300 kW cm-2. 
 
It can be seen from figures 50.15 and 50.16 that limit BCAImax peak intensity is ~1400 kW cm-2 and 
BCAImin peak intensity ~300 kW cm-2. These limit peak intensities divides interaction mechanism A 
and B into OM and DM. Table 50.19 shows BCAImax peak intensities and BCAImin peak intensity for 
all used laser power values and focal plane positions. 

 
 

Figure 50.15. Focal plane position vs. BCAImax and BCAImin peak intensity, maximum spectral 
intensity and maximum temperature close to limit BCAImax peak intensity ~1400 
kW cm-2 and limit BCAImin peak intensity ~300 kW cm-2.when average laser 
power 141 W is used. 

 
As table 50.19 illustrates limit value of BCAImax peak intensity 1320 kW cm-2 and BCAImin peak 
intensity 260 kW cm-2 and values over it are present when focal plane position is 1.4 mm or higher 
are used. Also when focal plane position 2.4 mm with laser power 385 W and 498 W are used this 
limit value is reached. So this explains why in appendix 43 there is two different of mechanisms.  
 
Table 50.18 explains reason for interaction phases I and II of interaction mechanism A (see table 
50.14). As it was concluded that all limit BCAImax peak intensity values over 1 320 kW cm-2 and 
BCAImin peak intensity 260 kW cm-2 belong to mechanism A, it is obvious that BCAImax peak 
intensity and BCAImax peak intensity is connected to appearance of two phases in interaction 
mechanism. It can be concluded from tables 50.16-50.19 and figures 50.11-50.14 that also when 
limit BCAImax peak intensity reaches 1 320 kW cm-2 and BCAImin peak intensity 260 kW cm-2 
interaction mechanism turns to mechanism A and two phases of this mechanism A. Increase in peak 
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intensity changes interaction mechanism, as more laser energy is present on top surface of material. 
See further details in appendix 35. 

 
 

Figure 50.16. Focal plane position vs. BCAImax and BCAImin peak intensity, maximum spectral 
intensity and maximum temperature close to limit BCAImax peak intensity ~1400 
kW cm-2 and limit BCAImin peak intensity ~300 kW cm-2.when average laser 
power 266 W is used. 

 
Table 50.19 BCAImax peak intensities and BCAImin peak intensity for all used laser power values 

and focal plane positions. 
 

 
Average laser power 

141 W 266 W 385 W 498 W 

3.4 mm 
PImax, kW cm-2 358 404 680 750 

PImin, kW cm-2 72 81 136 150 

2.4 mm 
PImax, kW cm-2 774 825 1470 1 380 

PImin, kW cm-2 155 165 294 276 

1.4 mm 
PImax, kW cm-2 1 320 1 440 2530 3 189 

PImin, kW cm-2 264 287 505 638 

0.4 mm 
PImax, kW cm-2 4 310 4 500 8 150 12 380 

PImin, kW cm-2 863 900 1 630 2 480 

-0.6 mm 
PImax, kW cm-2 4 020 4 960 7 280 7 550 

PImin, kW cm-2 804 992 1 460 1 510 

 
 
Table 50.20 a and b shows comparison of active illumination imaging system images and 
corresponding beam profiles of interaction mechanism A. 
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Table 50.20 Comparison of active illumination imaging system images and corresponding 
beam profiles. 

 
a) 

Interaction mechanism A 
Laser power 266 W 

Focal plane position 0.4 mm 
Pulse length 90 ms 

Hole diameter 0.65 mm
Beam profile 

Active illumination imaging system 

 
b) 

Interaction mechanism A 
Laser power 503 W 

Focal plane position 0.8 mm
Pulse length 90 ms 

Hole diameter 0.67 mm 
Beam profile 

Active illumination imaging system 
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As from table 50.20 a and b can be seen, it is obvious that interaction between BCAImax and dried 
kraft pulp is dominating in interaction phase I of interaction mechanism A. As function of 
interaction time BCAImin is interacting with dried kraft pulp and this is dominating in interaction 
phase II. Figure 50.17 shows peak intensity vs. laser power in BCAImax and BCAImin.  

 
Figure 50.17. Peak intensity vs. laser power in BCAImax and BCAImin. 
 
As from figure 50.17 can be seen, laser power in BCAImax and BCAImin increases a lot as peak 
intensity increases. Especially, laser power in BCAImin increases steeply when peak intensity 
increases. This explains also that BCAImin plays an important role in interaction mechanism A.  
 
So table 50.14 can now be completed as table 50.21 illustrates. 
 
Investigation of appendix 44 leads to conclusion that when limit BCAImax and BCAImin peak intensity 
are surpassed both interaction mechanism A and B turns from one-phase interaction into dual-phase 
interaction. So, actually limit BCA peak intensity is the value that divides interaction mechanism A 
and B from one-phase interaction into dual-phase interaction. So all limit BCAImax peak intensity 
values under 1320 kW cm-2 and BCAImin peak intensity 260 kW cm-2 belong to MAOM (interaction 
mechanism A one-phase mode) or to MBOM (interaction mechanism B one-phase mode) and 
values over that belong to MADM (interaction mechanism A dual-phase mode) or to MBDM 
(interaction mechanism B dual-phase mode).  
 
It can be concluded that characteristics interaction phases I and II of interaction mechanism A 
presented in table 50.20 are also valid for mechanism B if limit BCAImax peak intensity values less 
than 1320 kW cm-2 and BCAImin peak intensity 260 kW cm-2 are used. 
 
Table 50.19 can be arranged according to BCA peak intensities into MAOM, MBOM, MADM or 
MBDM, as table 50.22 shows. 
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Table 50.21 A characteristic of interaction phases I and II of interaction mechanism A. 
 
a) 

 
Interaction mechanism A 

Before interaction Interaction phase I Interaction phase II After interaction 

Beam 
profiles 

No interaction No interaction 

Beam 
profiles 

No interaction No interaction 

Interaction 
BCA 

No interaction BCAImax BCAImin No interaction 

Hole 
generation 

 

No interaction 
Small hole, good 

quality 

Large hole, black 
colour in edges, poor 

quality

Large hole, black 
colour in edges, poor 

quality
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b) 

 
Interaction mechanism A 

Before 
interaction 

Interaction phase I Interaction phase II 
After 

interaction 

S
pe

ct
ra

l d
at

a 

 

 

 

No 
interaction 

High peak intensity (refers to temperature 
of ~1750°C but 

not detected by pyrometer)

Low intensity area (refers to 
temperature range  detected by 

pyrometer)

No 
interaction 

 

 

 

No 
interaction 

High intensity in wavelength range of 
~475-652 nm 

Relatively high intensity in 
wavelength range of ~475-652 

nm

No 
interaction 
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c) 

 
Interaction mechanism A 

Before 
interaction 

Interaction phase I Interaction phase II 
After 

interaction 

T
em

pe
ra

tu
re

 

 

 

 

No interaction Temperature increasing gradually
Temperature decreasing 

gradually 
No 

interaction 

M
ax

im
um

 
te

m
pe

ra
tu

re
 

No interaction End of interaction phase I Beginning of interaction phase II 
No 

interaction 

 
Table 50.22 Determination of MAOM, MBOM, MADM and MBDM. 
 

 
One-phase mode (OM) Dual-phase mode (DM) 
Average laser power Average laser power 

141 W 266 W 385 W 498 W 141 W 266 W 385 W 498 W 

In
te

ra
ct

io
n 

m
ec

ha
ni

sm
 B

 
(M

B
) 

3.4 mm 
PImax, kW cm-2 358 404 680 750 - - - - 

PImin, kW cm-2 72 81 136 150 - - - - 

2.4 mm 
PImax, kW cm-2 774 825 - - - - 1470 1380 

PImin, kW cm-2 155 165 - - - - 94 276 

M
id

-
zo

ne
 

A
-B

 

1.4 mm 
PImax, kW cm-2 1320 - - - - 1440 2530 3189 

PImin, kW cm-2 264 - - - - 287 505 638 

In
te

ra
ct

io
n 

m
ec

ha
ni

sm
 A

 
(M

A
) 

0.4 mm 
PImax, kW cm-2 - - - - 4310 4500 8150 12380 

PImin, kW cm-2 - - - - 863 900 1630 2480 

-0.6 
mm 

PImax, kW cm-2 - - - - 4020 4960 7280 7550 

PImin, kW cm-2 - - - - 804 992 1460 1510 
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Characteristics of MAOM and MBOM are observed closely in table 50.23. 
 
As it can be seen from table 50.23, hole appears as interaction between laser beam and paper 
material starts, this can be seen as single peak in spectrometer data. This peak is assumed to appear 
as material evaporates from solid material to gaseous products. This is why pyrometer shows 
nothing, since there is nothing in range of pyrometers sensitivity. Measuring ranges of pyrometer 
are between 1200 nm and 1400 nm and between 1400 nm and 1700 nm. These are in area of near 
infrared, as pyrometer is usually used for monitoring of laser processing of metallic materials 
(primarily monitoring of laser cladding), it can detect temperatures e.g. representing phase 
transformations in range of 800-1500oC of material and higher  emitting near infrared radiation. 
Pyrometer is able to detect these temperatures. But as in MAOM and MBOM, material is “directly 
evaporated” and there is neither molten nor solid material, pyrometer simply detects nothing. But 
instead, spectrometer is able to detect intensity peak in wavelength area of 588-589 nm. This refers 
to yellow light. It can be concluded that when dried kraft pulp is “directly evaporated”, material 
phase change from solid to vapour is detect by spectrometer. This is also proofed by figure 50.11., 
which shows that spectral peak of 588-589 nm refers to temperature ~1750°C.  
 
It was earlier mentioned that Piili (Piili, 2009) noticed that this maximum spectral intensity peak 
appears always in wavelength of 588-589 nm. This study was carried out with copy paper. This is in 
range of yellow light, so it refers to maximum spectral intensity appearing in area of yellow light. 
This intensity peak is also detected as ceramic materials (Taimisto et al., 2011) and metallic 
materials (Lehti et al., 2011). So this refers to fact that appearance of peak intensity in range of 
wavelength 588-589 nm is not related to material. These facts also support assumption that peak 
intensity in wavelength range 588-589 nm is not emitted by any chemical element but it is emitted 
during phase transformation of material from solid to vapour. This can be seen also from figure 
50.11., which shows that spectral peak of 588-589 nm refers to temperature ~1750°C 
 
Based on table 50.23, characteristics of MAOM and MBOM can be concluded as table 50.24 
shows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

220 (265)

Table 50.23 Active illumination imaging system images, spectrometer data and pyrometer data 
of interaction mechanism B. 

 
Laser power 144 W Laser power 264 W Laser power 494 W 

Focal plane position 2 mm Focal plane position 3.4 mm Focal plane position 3.8 mm 
Pulse length 90 ms Pulse length 90 ms Pulse length 90 ms 

Hole diameter 0.54 mm Hole diameter 0.50 mm Hole diameter 0.53 mm 

Spectrometer

 

 
Pyrometer

No detected temperature No detected temperature No detected temperature
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Table 50.24 Characteristics of MAOM and MBOM. 
 

 
Interaction mechanism A 

Before interaction Interaction phase I Interaction phase II After interaction 

Beam 
profiles 

No interaction No interaction 

Beam 
profiles 

No interaction No interaction 

Interaction 
BCA 

No interaction BCAImin No interaction 

Hole 
generation 

 

No interaction Small hole, good quality 
Large hole, no colour in 

edges, good quality 
Large hole, no colour 
in edges, good quality 

Spectral 
data 

 No data received  

No interaction No data received No interaction 

Temperature 
 No data received or temperature below 488°C  

No interaction No data received or temperature below 488°C No interaction 
Maximum 

temperature 
No interaction No data received or temperature below 488°C No interaction 

 
50.8 Characteristics of decomposition mechanism of cellulose and its effect on 

interaction mechanisms 
 
Figure 50.18 represents different decomposition mechanisms of cellulose in different temperature 
ranges and mechanism of cellulose pyrolysis (Nowakowski, 2002). 
 
As it can be seen from figure 50.18, decomposition process of cellulose is evolution of 
hydrocarbons when temperature is between 380-500°C. This means that long cellulose molecule is 
splitted into smaller volatile hydrocarbons in this temperature range. As temperature increases, 
decomposition process of cellulose molecule changes. In range of 700-900°C, cellulose molecule is 
mainly decomposed into H2 gas; this is why this range is called evolution of hydrogen. 
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Figure 50.18. Different decomposition mechanisms of cellulose in different temperature ranges 

and mechanism of cellulose pyrolysis (Nowakowski, 2002). 
 
It is assumed based on tables 50.21 and 50.24, figure 50.18 that MAOM and MBOM are in range of 
“direct evaporation” of dried kraft pulp. See details also in appendix 44. “Direct evaporation” in this 
context means that dominating decomposition process of dried kraft pulp is evolution of hydrogen 
in temperature range of 500-700°C. Pyrometer is not able to detect this very fast decomposition of 
dried kraft pulp to gaseous products of H2, CO, CO2 and HCs. But spectrometer could detect single 
peak of 588-589 nm and this refers to temperature of ~1750ºC. So it is obvious that evolution of 
hydrogen is dominating process. This is also why quality of laser treatment in range of MAOM and 
MBOM is very good. When material is “directly evaporated” into gaseous products, no burning or 
blackening occurs.  
 
It is also assumed that when peak intensity of BCA reaches limit BCAImax peak intensity of 1320 kW 
cm-2 and BCAImin peak intensity of 260 kW cm-2, energy in interaction reaches such level that 
interaction mechanism is changed. This is point where MADM and MBDM take place.  
 
But as interaction time between laser beam and dried kraft pulp continues, hypothesis is that three 
auto ignition processes occurs. Auto ignition of substance is the lowest temperature in which it will 
spontaneously ignite in a normal atmosphere without an external source of ignition, such as a flame 
or spark. Three auto ignition processes appears in range of MADM and MBDM, namely (Walton et 
al., 2007): 
1. temperature of auto ignition of hydrogen atom (H2) is 500ºC, 
2. temperature of auto ignition of carbon monoxide molecule (CO) is 609ºC and 
3. temperature of auto ignition of carbon atom (C) is 700ºC. 

Cellulose molecule

500°C

250°C750°C

125°C

375°C625°C

925°C
(1)

(2)

(3)

(4)

(5)

(6)

(1) Elimination of water
(2) Evolution of carbon oxides
(3) Start of HCs evolution
(4) Evolution of HCs
(5) Dissociation
(6) Evolution of hydrogen

Cellulose pyrolysis (450ºC )
3 C6H10O5  8 H2O + C6H8O + 2 CO + 2 CO2 + CH4 + H2 + 7 C

HCs = hydrocarbons  which are organic compounds consisting entirely of hydrogen and carbon
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These three auto ignition processes leads to formation of plasma plume which has strong emission 
of radiation in range of visible light. Formation of this plasma plume can be seen as increase of 
intensity in wavelength range of ~475-652 nm. Pyrometer shows maximum temperature just after 
this ignition.  
 
This plasma plume is assumed to scatter laser beam in area of BCAImin so that it interacts with larger 
area of dried kraft pulp than what is actual area of BCAImin. This assumed scattering reduces also 
peak intensity of BCAImin. So result shows that assumably scattered light with low peak intensity is 
interacting with large area of hole edges and due to low peak intensity this interaction happens is 
low temperature. So interaction between laser beam and dried kraft pulp turns from evolution of 
hydrogen to evolution of hydrocarbons. This leads to black colour of hole edges. Figure 50.19 
shows diagram of characteristics of OM and DM. 
 
If table 50.22 is studied, it can be determined that the range where midzone A-B starts is actually 
located in the same range where formation of plasma plume begins. So it is in the range where 
decomposition mechanism of dried kraft pulp turns from evolution of hydrogen to evolution of 
hydrocarbons. Table 50.26 summarises this issue. 
 
To be able to closely characterise interaction mechanisms in different interaction mechanism 
ranges, tables 50.22, 50.26 and macrographs of laser treated dried kraft pulp are examined in table 
50.27 for OM and in table 50.26c for DM. Investigated average focal plane positions are 3.4 mm, 
1.4 mm and -0.6 mm. 

 
Figure 50.19. Characteristics of OM and DM.  
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Table 50.26 Determination of different interaction mechanisms for parameters used in this 
study (EH2=evolution of hydrogen, EHC=evolution of hydrocarbons). 

 

Interaction 
mechanism 

Laser 
power, 

W 

Focal 
plane 

position, 
mm 

PImax, 
kW/cm2 

Peak 
intensity, 
MW/cm3 

PImin, 
kW/cm2 

Peak 
intensity, 
MW/cm3 

Interaction 
mechanism 

mode 

Decomposition 
mechanism 

MB 139 3.0 358 7699 72 43 OM EH2 

MB 144 2.0 774 106027 155 193 OM EH2 

MA-B 139 1.0 1320 55696 264 722 OM EH2 

MA 142 0.0 4310 478889 863 6469 DM EHC 

MA 140 -1.0 4020 717857 804 5978 DM EHC 

MB 264 3.4 404 3127 81 40 OM EH2 

MB 266 2.4 825 47965 165 401 OM EH2 

MA-B 264 1.4 1440 26519 287 589 DM EHC 

MA 266 0.4 4500 302013 900 5364 DM EHC 

MA 268 -0.6 4960 344444 992 6173 DM EHC 

MB 384 3.5 680 10932 136 82 OM EH2 

MB 387 2.5 1470 63913 294 343 DM EHC 

MA-B 384 1.5 2530 65714 505 1248 DM EHC 

MA 384 0.5 8150 740909 1630 11786 DM EHC 

MA 386 -0.5 7280 601653 1460 9438 DM EHC 

MB 494 3.8 750 5760 150 80 OM EH2 

MB 494 2.8 1380 17490 276 326 DM EHC 

MA-B 494 1.8 3189 85496 638 1731 DM EHC 

MA 503 0.8 12380 1263265 2480 18010 DM EHC 

MA 503 -0.2 7550 242765 1510 4001 DM EHC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

225 (265)

Table 50.27  Examination of different interaction mechanisms by investigation of macrographs 
for OM (EH2=evolution of hydrogen, EHC=evolution of hydrocarbons).  

 

 
One-phase mode (OM)

Average laser power
141 W 266 W 385 W 498 W

In
te

ra
ct

io
n 

m
ec

ha
ni

sm
 B

 (
M

B
) 

3.4 
mm 

Decomposition 
mechanism 

EH2 EH2 EH2 EH2 

PImax, kW cm-2 358 404 680 750 

PImin, kW cm-2 72 81 136 150 

10 ms 

 

40 ms 

 

90 ms 

 

M
id

-z
on

e 
A

-B
 

1.4 
mm 

Decomposition 
mechanism 

EH2 - - - 

PImax, kW cm-2 1320 - - - 

PImin, kW cm-2 264 - - - 

10 ms - - - 

40 ms - - - 

90 ms - - - 
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As it can be noticed from table 50.27, quality of holes formed during interaction of laser beam and 
paper material is good when peak intensity less than 1000 kW cm-2 is used. This is in range of OM. 
Increase of interaction time has no effect on size or colour of hole. Figure 50.20 illustrates this 
interaction as function of interaction time. 
 

 
Figure 50.20.  Formation of plasma plume as peak intensity increases when pulse length of 10 

ms is used and beginning of range of mechanism B studied. 
 
As it can be seen from tables 50.27 and 50.28, increase in peak intensity increases conicality of hole 
when interaction time 10 ms is observed in range of OM. This refers to fact that mode of interaction 
mechanism turns from OM to DM and plasma plume appears to ICA as peak intensity increases. 
Plasma plume starts assumably to scatter laser light and this can be seen as increased conicality. 
Figure 50.21 illustrates formation of plasma plume and reason for conicality of hole as peak 
intensity reaches range of 1000-2000 kW cm-2 and interaction time 10 ms is observed. 

 
Figure 50.21.  Formation of plasma plume as peak intensity increases when pulse length of 10 

ms is used and beginning of range of mechanism A studied. 
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Table 50.28  Examination of different interaction mechanisms by investigation of macrographs 
for DM (EH2=evolution of hydrogen, EHC=evolution of hydrocarbons). 

 

 
Dual-phase mode (DM)

Average laser power
141 W 266 W 385 W 498 W

M
id

-z
on

e 
A

-B
 

1.
4 

m
m

 

Decomposition 
mechanism - EHC EHC EHC 

PImax, kW cm-2 - 1440 2530 3189 

PImin, kW cm-2 - 287 505 638 

10 ms - 

 

40 ms - 

 

90 ms - 

 

In
te

ra
ct

io
n 

m
ec

ha
ni

sm
 A

 (
M

A
) 

-0
.6

 m
m

 

Decomposition 
mechanism EHC EHC EHC EHC 

PImax, kW cm-2 4020 4960 7280 7550 

PImin, kW cm-2 804 992 1460 1510 

10 ms 

 

40 ms 

 

90 ms 
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As interaction time increases from 10 ms to 40 ms (see tables 50.27 and 50.28) hole area is larger 
due to longer interaction time but still shape of hole is slightly conical. Figure 50.22 illustrates this. 

 
Figure 50.22.  Formation of plasma plume as peak intensity increases when pulse length of 40 

ms is used and beginning of range of mechanism A observed. 
 
As interaction time increases from 40 ms to 90 ms (see tables 50.27 and 50.28), the hole area is 
even larger than with 40 ms due to longer interaction time but the shape of the hole is not any more 
conical due to longer interaction time. Also burned paper material (black colour around laser beam 
and paper material interaction) appears as interaction time is 90 ms. Figure 50.23 explains this 
situation. 

 
Figure 50.23.  Formation of plasma plume as peak intensity increases when pulse length of 90 

ms is used and beginning of range of mechanism A considered. 
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As it can be seen from tables 50.27 and 50.28, increase in peak intensity also changes interaction 
between laser beam and paper material to cause more burned hole edges. Figure 50.24 explains this 
as peak intensity reaches range of 5000-7000 kW cm-2 and interaction time of 10 ms is observed. 

 
Figure 50.24.  Interaction between laser beam and paper material as peak intensity reaches range 

of 5000-7000 kW cm-2 when pulse length of 10 ms is used. 
 
As interaction time increases from 10 ms to 40 ms (see also tables 50.27 and 50.28), the hole area is 
larger and much more burned due to longer interaction time. Figure 50.25 shows this. 

 
Figure 50.25.  Interaction between laser beam and paper material as peak intensity reaches range 

of 5000-7000 kW cm-2 when pulse length of 40 ms is used. 
 
As interaction time increases from 40 ms to 90 ms (see also tables 50.27 and 50.28), the hole area is 
even larger and more burned than with 40 ms due to longer interaction time but shape of hole is not 
any more conical due to longer interaction time. Figure 50.26 explains this situation. 
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Figure 50.26.  Interaction between laser beam and paper material as peak intensity reaches range 

of 5000-7000 kW cm-2 when pulse length of 90 ms is used. 
 
50.9 Interaction mechanisms in BHR86 and hole area 
 
If figure 50.2 is now examined, it can be observed that BHR86 describes change of interaction 
mechanism from evolution of hydrogen (one-phase mode OM) to evolution of hydrocarbons (dual-
phase mode DM), as figure 50.27 shows. 

 
 
Figure 50.27.  Fluence as function of average focal plane position vs. BHR86. 

y = -27,08ln(x) + 204,11
R² = 0,793

y = -35ln(x) + 221,11
R² = 0,7539

y = -17,12ln(x) + 118,22
R² = 0,7985

y = -2,005ln(x) + 18,04
R² = 0,6507

y = -1,527ln(x) + 15,365
R² = 0,3619
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As figure 50.27 reveals, maximum values of BHR86 belongs to OM and minimum values to DM. 
Interesting note is that average focal plane position 2.4 mm shows that DM starts with high values 
of BHR86. This can be explained by table 50.26 which shows that average laser power values 385 
W and 498 W in range of average focal plane position 2.4 mm belong to DM.  
 
If BHR86 limit fluence is examined in table 49.2 and they are compared with figure 50.27, it can be 
seen that they express very precisely where OM is changed to DM. This leads to conclusion that 
BHR86 limit fluence determines fluence range where interaction mechanism turns from OM to DM. 
 
Figure 50.28 shows fluence vs. BHR86. 

 
Figure 50.28.  Fluence vs. BHR86. 
 
As it can be seen from figure 50.28, correlation between fluence and BHR86 is good. Equation of 
fitted natural logarithm curve to fluence vs. BHR86 is, as equation 50.1 shows. 
 
 f(x)  =  -25.92 ln x + 176.82   (50.1) 
 
If equation 50.1 is expressed with fluence and BHR86, equation 50.2 can be written. 
 
 BHR86 = -25.92  ln F + 176.82   (50.2) 
 
where F fluence, J mm-2. 
 
Value of 176.82 can be assumed to be constant cBHR86, so equation 50.2 can be expressed as 
equation 50.3 shows. 
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R² = 0,7034

0

20

40

60

80

100

120

140

160

180

0 500 1000 1500 2000 2500 3000 3500

B
H

R
86

, 
%

Fluence, J mm-2



 

 

232 (265)

BHR86 = -25.92  ln F + cBHR86   (50.3) 
 
where cBHR86 BHR86 constant of 176.82, %. 

 
If value 25.92 is written to be coefficient kBHR86 equation 50.3 becomes as equation 50.4 illustrates. 
 

BHR86= -kBHR86  ln F + cBHR86   (50.4) 
 
where kBHR86 coefficient of 25.92, (mm2 · %) J-1. 
 
If equation 50.4 is derivated, equation 50.5 can be defined. 
 
 dBHR86 =   -kBHR86       (50.5) 
      F 

 
When dBHR86 ≥ 0.1, BHR86 limit fluence Flimit can be defined as equation 50.6 represents. 
 
 Flimit =  kBHR86     (50.6) 
               0.1 
where Flimit  BHR86 limit fluence, J mm-2. 
 
Values for kBHR86 representing different average focal plane positions are shown in table 50.29.   
 
Table 50.29 Values for kBHR86 representing different average focal plane positions. 
 

Average focal plane position, mm kBHR86, (mm2 · %) J-1 

3.4 27.08 
2.4 35.00 
1.4 17.12 
0.4 2.01 
-0.6 1.53 

 
Figure 50.29 shows fluence as function of focal plane position vs. hole area. 
 
As figure 50.29 represents, processes at average focal plane position of 3.4 mm and 2.4 mm are 
dominated by OM. Average focal plane position 2.4 mm is an exception since average laser power 
of 385 W and 498 W belongs to mechanism DM. As it was noticed in table 50.22 is studied, 
midzone A-B starts actually is in range of beginning of formation of plasma plume. So it is in range 
where decomposition mechanism of dried kraft pulp turns from evolution of hydrogen to evolution 
of hydrocarbons. This is why it also locates between ranges of average focal plane position 3.4 mm 
and 2.4 mm and average focal plane position 0.4 mm and -0.6 mm. As from figure 50.29 can be 
seen, equation of fitted linear line to fluence vs. hole area is as equation 50.6 shows. 
 
 f(x) = 0.0002 x + 0.20    (50.6) 
 
If equation 50.6 is written with fluence and hole area, equation 50.7 can be written. 
 
 AH = 0.0002  F + 0.20    (50.7) 
 
Value of 0.20 can be assumed to be constant cH, so equation 50.7 can be expressed as equation 50.8 
shows. 
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AH = 0.0002 · F + cH    (50.8) 
 
where cH constant, J mm-2. 
 

 
 
Figure 50.29.  Fluence as function of average focal plane position vs. hole area. 
 
If value 0.0002 is written to be coefficient kH equation 50.8 becomes as 
 

AH = kH F+ cH    (50.9) 
 
where kH coefficient, J-1. 
 
From equation 50.9 it can be seen that hole area is linearly dependent on fluence used.  
 
Values for kH and cH representing different average focal plane positions are shown in table 50.30.  
 
Table 50.30 Values for kH and cH representing different average focal plane positions. 
 

Average focal plane position, mm kH, J-1 cH, J mm-2 

3.4 0.0010 0.15 
2.4 0.0009 0.11 
1.4 0.0005 0.11 
0.4 0.0002 0.24 
-0.6 0.0002 0.17 

 
From equation 39.4, it can be noticed that fluence can also be written as equation 50.10 shows. 
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If this is added to equation 50.9, equation 50.11 can be expressed. 
 

AH = kH 
BCAt

P

pulse

laser  + cH    (50.11) 

 
51 Industrial relevance 
 
In MMM analysis, it was noticed that hole area and ΔHAZ have best correlation to visual evaluation 
of quality of laser treated dried kraft pulp. This is why these two parameters also are most important 
ones if industrial relevance of this doctoral thesis is considered. 
 
Equations to estimate effect of focal plane position, average laser power and pulse length to hole 
area and ΔHAZ are determined in this chapter.  
 
51.1 Hole area 
 
Figure 51.1 shows focal plane position as function of average laser power and pulse length vs. hole 
area. 

 
 
Figure 51.1. Focal plane position as function of average laser power and pulse length vs. hole 

area. 
 
As figure 51.1 reveals OM turns to DM as focal plane position gets closer to sample top surface. 
This is due to fact that dried kraft pulp decomposition turns from evolution of hydrogen to evolution 
of hydrocarbons because of appearance of plasma plume. If figure 51.1 is now divided according 
used average laser power, figure 51.2 can be drawn. 
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Figure 51.2.  Focal plane position as function of average laser power vs. hole area. 
 
As it can be seen from figure 51.2, as average laser power increases also hole area increases. Hole 
area is very large when focal point approaches sample top surface. This is due to appearance of 
plasma plume that scatters laser light and this way causes much wider holes as what is BCA. 
 
As from figure 51.2 can be seen, equation of fitted linear line to focal plane position as function of 
average laser power vs. hole area follows general form of equation as equation 51.1 reveals 
 
 f(x) = - k x + c    (51.1) 
 
If equation 51.1 is written with focal plane position and hole area, equation 51.2 can be written. 
Abbreviation FLA means focal plane position – average laser power – hole area 
 
 AH = - kFLA  f  + cFLA    (51.2) 
 
where kFLA coefficient depending on average laser power, mm 

f focal plane position, mm 
cFLA constant depending on average laser power, mm2. 

 
Values for kFLA and cFLA representing different average laser power are shown in table 51.1.   
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Table 51.1 Values for kFLA and cFLA representing different average laser power. 
 

Average laser power, W kFLA, mm cFLA, mm2

141 0.033 0.23 
266 0.022 0.29 
385 0.033 0.37 
498 0.049 0.48 

 
If figure 51.1 is divided according used pulse length, figure 51.3 can be drawn. 

 
 
Figure 51.3.  Focal plane position as function of pulse length vs. hole area. 
 
As it can be seen from figure 51.3, hole area increases with increase of pulse length. As interaction 
time is longer, larger holes are produced.  
 
Figure 51.3 reveals that equation of fitted linear line of focal plane position as function of pulse 
length vs. hole area can be generally expressed as equation 51.3 shows. 
 
 f(x) = - k x + c    (51.3) 
 
If focal plane position and hole area are marked to equation 51.3, equation 51.4 can be written. 
Abbreviation FPA means focal plane position – pulse length – hole area.  
 
 AH = - kFPA  f  + cFPA    (51.4) 
 
where kFPA coefficient depending on pulse length, mm 

cFPA constant depending on pulse length, mm2. 
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Values for kFPA and cFPA representing used pulse length are shown in table 51.2.   
 
Table 51.2 Values for kFPA and cFPA representing used pulse length. 
 

Pulse length, ms kFPA, mm cFPA, mm2

10 0.012 0.18 
40 0.027 0.35 
90 0.031 0.45 

 
Equations 51.2 and 51.4 helps to estimate formed hole area during laser beam and paper material 
interaction, when focal plane position, average laser power and pulse length are taken into 
consideration. 
 
51.2 ΔHAZ 
 
Figure 51.4 shows focal plane position as function of average laser power and pulse length vs. 
ΔHAZ. 

 
 
Figure 51.4.  Focal plane position as function of average laser power and pulse length vs. 

ΔHAZ. 
 
As figure 51.4 shows as OM turns to DM also ΔHAZ increases. This is due to fact that dried kraft 
pulp decomposition turns from evolution of hydrogen to evolution of hydrocarbons because of 
appearance of plasma plume. Plasma plume causes defects to dried kraft pulp, like HAZ and 
blackness. 
 
If figure 51.4 is now divided according used average laser power, figure 51.5 can be expressed. 
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Figure 51.5 shows that as average laser power increases also ΔHAZ increases. As focal plane 
position is moved upwards from sample top surface, ΔHAZ decreases. This is due change of 
interaction mechanism from DM to OM. As plasma plume disappears and interaction between laser 
beam and dried kraft pulp is evolution of hydrogen, there is only narrow HAZ. Figure 51.5 shows 
that equation of fitted linear line to focal plane position as function of average laser power vs. 
ΔHAZ follows general form of equation as equation 51.5 reveals 

 
 
Figure 51.5.  Focal plane position as function of average laser power vs. ΔHAZ. 
 
 f(x) = - k x + c    (51.5) 
 
If focal plane position and ΔHAZ are added to equation 51.5, equation 51.6 can be written. 
Abbreviation FLH means focal plane position – average laser power – ΔHAZ. 
 
 ΔHAZ = - kFLH  f + cFLH    (51.6) 
 
where kFLH coefficient depending on average laser power, % mm-1 

f focal plane position, mm 
cFLH constant depending on average laser power, %. 

 
Values for kFLH and cFLH representing different average laser power are determined in table 51.3.  
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Table 51.3 Values for kFLH and cFLH representing different average laser power. 
 

Average laser power, W kFLH, % mm-1 cFLH, %
141 4.42 32.02 
266 2.98 45.21 
385 4.75 65.54 
498 13.60 79.42 

 
If figure 51.5 is divided according used pulse length, figure 51.6 can be drawn. 

 
 
Figure 51.6.  Focal plane position as function of pulse length vs. ΔHAZ. 
 
Figure 51.6 shows that ΔHAZ decreases with increase of pulse length. As interaction time is long, 
less HAZ is formed.  
 
Equation of fitted linear line of focal plane position as function of pulse length vs. ΔHAZ (see figure 
51.6) can be generally expressed as equation 51.7 shows. 
 
 f(x) = - k x + c    (51.7) 
 
If focal plane position and ΔHAZ are added to equation 51.7, equation 51.8 can be written. 
Abbreviation FPH means focal plane position – pulse length – hole area.  
 
 ∆HAZ = - kFPH  f  + cFPH    (51.8) 
 
where kFPH coefficient depending on pulse length, % mm-1 

cFPH constant depending on pulse length, %. 
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Values for kFPH and cFPH representing used pulse length are shown in table 51.4.   
 
Table 51.4  Values for kFPH and cFPH representing used pulse length. 
 

Pulse length, ms kFPH, % mm-1 cFPH, %
10 -0.11 62.40 
40 5.44 49.08 
90 8.81 45.18 

 
Equations 51.6 and 51.8 helps to estimate formed hole area during laser beam and paper material 
interaction, when focal plane position, average laser power and pulse length are taken into 
consideration. 
 
52  Usability of monitoring equipment in industrial application 
 
One aim of experimental part of this thesis was to examine if it is possible to monitor interaction 
between laser beam and paper material and how monitoring devices used in this study could be 
applied to analyse this interaction. 
 
Another aim of the thesis was also to find out if it is possible to develop an on-line-monitoring 
method for laser processes of paper materials. Collected data would inform about success of laser 
process. As a practical example, a paper machine using laser cutting could benefit greatly from this 
kind of on-line-monitoring. When the system informs about a disturbance in cutting process, laser 
equipment receives immediately a command to increase laser power and this way cutting continues 
normally without any problems. This way, for example, several web brakes could be avoided and 
remarkable economical savings could be achieved. 
 
52.1 Spectrometer 
 
Advantages of using Ocean optics spectrometer in monitoring of interaction between laser beam 
and paper material are: 
- method reaches wavelength range from ultraviolet to near infrared light (200-600 nm), 
- emission powers of whole wavelength interval can be seen at the same time, 
- method can be used to find single emissivity peaks and 
- method has good resolution (~0.035 nm). 
 
Disadvantages of using spectrometer in monitoring of a laser processing of paper material are:  
- limited wavelength range that can be used in analysis, 
- limited resolution of monitoring system depends of grating and entrance slit selections 

(usually 200-600 nm or 600-1100 nm), 
- sensitiveness to disturbance (lighting and monitoring equipment positioning), 
- expensive equipment, 
- fairly slow integration time (depends on the source brightness), normally 50 - 100 ms, 
- large amount of data, which can be a problem when data needs to be analysed fast and 
- require exact focusing and positioning. 
 
52.2 Active illumination imaging system 
  
Active illumination system has following advantages for monitoring interaction between laser beam 
and paper material, like:  
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- method is capable to examine several phenomena (cracks, shrinkage, bending, etc.) which 
occur during laser processing, 

- method is compact, so it is easy to adjust to most laser processes, 
- method is rather fast and analysis of results fluent and 
- image quality is very good. 
 
Disadvantages of active illumination imaging system are for example:   
- fast integration requires high speed camera, 
- data amount collected is high and the length of videos are restricted by the computer memory, 
- equipment is expensive and 
- positioning of the system is time consuming. 
 
52.3 Pyrometer 

 
Pyrometer as monitoring tool for interaction between laser beam and paper material has many 
advantages, like:  
- very short integration time (~ 2.5 ms), 
- very high temperatures (~1500 ˚C) can be monitored, 
- collected data amounts is reasonable, so analysis is fast, 
- easy focusing and 
- few external disturbances, for example lighting conditions affect the process. 
 
Disadvantages of pyrometer are for example that:   
- equipment is fairly large and 
- it measures only temperature of the process. 
 
52.4  Comparison between methods 
 
Table 52.1 shows comparison between different monitoring methods of interaction between laser 
beam and paper material.  
 
Table 52.1 Comparison between monitoring methods of interaction between laser beam and 

paper material. 
 

Feature Spectrometer Active illumination 
imaging system 

Pyrometer 

Integration time Slow, 50 – 100 ms Fairly slow, 40 ms 
(depends of camera) 

Very good, ~2.5 ms 

Accuracy Very good Good Very good 
Ease of installation Good Fairly slow Good 

Amount of measuring 
data 

High Very high Low 

Price Medium Expensive Medium 
 
It was noticed in this study that the best result can be achieved when all these methods are used 
simultaneously, as these equipment can capture different features of interaction of laser beam and 
paper material. So these devices are very useful in fundamental studies and help to analyse 
processes that are challenging to be analysed with bare human eye or with any other method. 
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53 Error estimation 
 
Error estimation is carried out since as beam analysis was executed after experiments of this thesis, 
it was noticed that location of focal plane position zero was varying a lot as function of laser power. 
Experiments or beam analysis were not able to be repeated because of tight schedule of thesis and 
because of renovation for laser equipment resonator that was carried out just after experiments of 
this thesis. This renovation was changing beam profile such that new experiments and beam 
analysis would have been useless for this thesis. Difference of focal plane positions as function of 
laser power as percentages (calculated from table 39.1) are shown in table 53.1. 
 
Table 53.1 Difference of focal plane positions as function of laser power. 
 

Test 
ID 

Laser 
power, 

W 

Target focal  
plane position, 

mm 

Focal point 
position, 

mm 

Difference in focal plane 
position, mm 

1 139 3.0 3.0 0.0 
2 145 2.0 2.0 0.0 
3 139 1.0 1.0 0.0 
4 142 0.0 0.0 0.0 
5 140 -1.0 -1.0 0.0 
6 264 3.0 3.4 0.4
7 266 2.0 2.4 0.4 
8 264 1.0 1.4 0.4 
9 266 0.0 0.4 0.4 

10 268 -1.0 -0.6 0.4 
11 384 3.0 3.5 0.5 
12 387 2.0 2.5 0.5
13 384 1.0 1.5 0.5
14 384 0.0 0.5 0.5 
15 386 -1.0 -0.5 0.5 
16 494 3.0 3.8 0.8 
17 494 2.0 2.8 0.8 
18 494 1.0 1.8 0.8 
19 503 0.0 0.8 0.8 
20 503 -1.0 -0.2 0.8 

 
As it can be seen from figure 53.1, difference in focal plane position was zero as average laser 
power of 141 W was used but difference increased as laser power increased. Average laser power of 
498 W has difference of 0.8 mm. This movement of focal plane position as function of laser power 
was a surprise as these beam analysis were done afterwards of carrying this thesis. This is why this 
error estimation was executed to be able to understand effect of error to results of this thesis. 
 
When average laser power value of 385 W and 498 W were used, there was some difference in 
location of focal plane position and corresponding beam profiles since beam analysis. See appendix 
8 for further details. For average laser power values of 141 W and 266 W this difference was zero. 
Table 53.2 shows amount of this difference in location of focal plane positions and corresponding 
beam profiles when average laser power of 385 W and 498 W are considered. 
 
As from table 53.2 can be seen, difference between locations of focal plane position is 0.2 mm 
when average laser power 385 W is considered and 0.4 mm when average laser power 498 W is 
considered. So actually this difference noticed in table 53.2 compensates difference in table 53.1, so 
that difference is as table 53.3 shows. 
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As table 53.3 illustrates laser power is also varying. To understand effect of this difference to results 
of this thesis, study of repeatability of laser cutting by Piili (Piili et al., 2009b) is examined closely 
since it contains error estimation of different laser power values for exactly same laser equipment 
which was used in this thesis. In this study by Piili, standard error of mean, variance, range, 
standard deviation and mean absolute error were calculated for laser power values for Trumpf TLF 
2700 HQ carbon dioxide laser at Laboratory of Laser Processing of Lappeenranta University of 
Technology (Finland).  
 
Table 53.2 Difference in location of focal plane positions and corresponding beam profiles when 

average laser power 385 W and 498 W are considered. 
 

Average 
laser 

power, W 

Focal 
plane 

position, 
mm 

Location of 
corresponding 

beam profile, mm 

Steps 
between 

focal plane 
positions, 

mm 

Difference between 
location of focal plane 

position and 
corresponding beam 

profile, mm 
384 3.5 3.3 0.1 0.2 
387 2.5 2.3 0.1 0.2 
384 1.5 1.3 0.1 0.2 
384 0.5 0.3 0.1 0.2 
386 -0.5 -0.7 0.1 0.2 
494 3.8 3.4 0.1 0.4 
494 2.8 2.4 0.1 0.4 
494 1.8 1.4 0.1 0.4
503 0.8 0.4 0.1 0.4 
503 -0.2 -0.6 0.1 0.4 

 
Table 53.3 Difference in location of focal plane positions and corresponding beam profiles when 

average laser power 385 W and 498 W are considered. 
 

Average 
laser 

power, W 

Focal 
plane 

position, 
mm 

Difference in 
focal plane 

position, mm 

Difference between 
location of focal plane 

position and 
corresponding beam 

profile, mm 

Compensated 
difference, mm 

384 3.5 0.5 0.2 0.3 
387 2.5 0.5 0.2 0.3 
384 1.5 0.5 0.2 0.3 
384 0.5 0.5 0.2 0.3 
386 -0.5 0.5 0.2 0.3 
494 3.8 0.8 0.4 0.4 
494 2.8 0.8 0.4 0.4 
494 1.8 0.8 0.4 0.4 
503 0.8 0.8 0.4 0.4 
503 -0.2 0.8 0.4 0.4 

 
Mean value describes the average value of group of variables (population). Mean value of measured 
data was calculated in this study as equation 53.1 shows (Råde and Westergren, 1995; Piili et al., 
2009b). 
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n

xxx
x n


21     (53. 1 ) 

 
where x  mean value of variables, - 

xn variable number n, - 
n amount of variables, -. 

Variance of a random variable is one measure of statistical dispersion, averaging the squared 
distance of its possible values from the expected value (mean). It can be calculated as equation 53.2 
shows (Råde and Westergren, 1995; Piili et al., 2009b).  
 

  






n

i
i xx

n
s

1

22

1

1
    (53.2) 

 
where s2 variance, - 

xi variable i, -. 
 
Standard deviation is a measure of the variability or dispersion of group of variables (population). It 
is defined as equation 53.3 illustrates (Råde and Westergren, 1995; Piili et al., 2009b).   
 

 2ss       (53.3) 
 
where s standard deviation, -. 
 
The standard error of the mean is the standard deviation of the sample mean estimate of a 
population mean. It can be determined as equation 53.4 represents (Råde and Westergren, 1995; 
Piili et al., 2009b).   
 

 
n

s
s

x
      (53.4) 

 
where 

x
s  standard error of mean, -. 

 
Range is the length of the smallest interval which contains all the data. It is calculated as equation 
53.5 shows (Råde and Westergren, 1995; Piili et al., 2009b).   
 
 minmax xxR      (53.5) 

 
where R range, - 
 xmax largest value in data, - 
 xmin smallest value in data, -. 
 
The mean absolute error MAE is a common measure of forecast error in series analysis. It can be 
calculated as equation 53.6 illustrates (Råde and Westergren, 1995; Piili et al., 2009b). 
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where MAE mean absolute error, -. 



 

 

245 (265)

 
Repeatability of laser power was done five times for five different paper materials.  Figures 53.1-
53.5 shows results of this repeatability test. 
 

 
Figure 53.1. Different statistical variables for error estimation of laser power values when 

uncoated board was cut with laser beam five different times (Piili et al., 2009b).   

 
Figure 53.2. Different statistical variables for error estimation of laser power values when 

calcium carbonate (HC60) coated board was cut with laser beam five different 
times (Piili et al., 2009b).   
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Figure 53.3. Different statistical variables for error estimation of laser power values when 

calcium carbonate (CC75) coated board was cut with laser beam five different 
times (Piili et al., 2009b).   

 
Figure 53.4. Different statistical variables for error estimation of laser power values when 

calcium carbonate (CC75) coated board was cut with laser beam five different 
times (Piili et al., 2009b).   
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Figure 53.5. Different statistical variables for error estimation of laser power values when 

blend coated (CaCO3 and clay in relation 50:50) board was cut with laser beam 
five different times (Piili et al., 2009b).   

 
Interesting note in figures 53.1, 53.3 and 53.5 is that lowest used laser power 140 W gives relatively 
large variance. It means that this difference can also affect results of average laser power 141 W and 
cause variance to results.  
 
Also error estimation of nozzle stand-off distance was carried out since setting of focal plane 
position is done “manually” via setting nozzle stand-off distance. This “manual” setting is most 
important factor affecting accuracy of location of focal plane position. See further details in 
appendix 45. 
 
Table 53.3 shows results of this error estimation of nozzle stand-off distance. Mean value was 
calculated as equation 53.1 shows, variance as equation  
 
Table 53.4 Error estimation of nozzle stand-off distance. 
 

Target nozzle stand-off distance, mm 1.40 
Mean of measurements, mm 1.52 
Variance, - 0.00455 
Standard deviation, - 0.0675 
Difference of measured and target nozzle stand-off distance, mm 0.12 

 
Table 53.4 reveals that “manual” setting of nozzle stand-off distance has difference between 
measured mean value and target value of 0.12 mm. This caused by human error, variations of 
evenness in XY-table etc.  
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This error estimation gives only an overview to possible sources of errors in this thesis since such a 
parameter study which is carried out in this thesis is very complex and contains many variables. For 
example accuracy and repeatability of spectrometer and pyrometer are ones affecting results. 
 
54 Further recommendations 
 
This study shows that monitoring of interaction between laser beam and paper material is possible 
with spectrometer, pyrometer and active illumination imaging system. Changes in equipment, 
process and material parameters have clear effect on monitored data received and it was possible to 
conclude characteristics of interaction. However, during experimental part of this thesis, several 
topics were recognized that would require further study to understand whole interaction between 
laser beam and paper materials. And on the other hand, part of these topics could act as basis for 
future research and studies, even innovations, as nature of this thesis is very fundamental.  
 
Interesting topic for further studies would be executing similar test set as was used in this thesis also 
for other paper materials. Especially, under great interest would be material manufactured from 
pure softwood and/or hardwood cellulose to eliminate effect of lignin. When effect between laser 
beam and pure raw material of paper is understood whole picture of interaction mechanisms and 
phenomena introduced in this thesis can be also completed.  
 
Another suggestion for further study is to use in further studies CO2 laser which operates in much 
lower laser power range than 2700 W. This way range of low peak intensity would be studied more 
accurately. 
 
Further studies would be also useful to carry out with high speed camera that could recognize 
characteristics of plasma plume, like shape of it and mechanism of it. High speed camera images 
could also provide information of how plasma plume is formed, for example does it have explosive 
origin or is it just ignition of gases released during interaction between laser beam and paper 
material. High speed camera would also be useful for detection of interaction when there is no 
plasma plume. Direction and amount of gases and fumes released during interaction without plasma 
plume are valuable data to understand fundamentals.      
 
It would be also interesting to examine active illumination imaging system with much faster camera 
than what was used in this study so that it could also detect interaction between laser beam and 
paper material “behind” plasma plume, so that data of characteristics of plasma plume is achieved 
simultaneously with ordinary high speed camera and also with active illumination imaging system. 
 
IR camera together with pyrometer could complete study of temperature behaviour in interaction of 
laser beam and paper material. IR camera together with pyrometer eliminates errors that might be 
caused by pyrometer and vice versa. It is also possible to record short videos with newest IR 
cameras, so this together with active illumination imaging system and high speed camera brings 
totally new aspect to study of interaction. 
 
A hypothesis was made in this study, namely that three auto ignition processes appears to partially 
cause formation of plasma plume:  
1. temperature of auto ignition of hydrogen atom (H2) is 500ºC, 
2. temperature of auto ignition of carbon monoxide molecule (CO) is 609ºC and 
3. temperature of auto ignition of carbon atom (C) is 700ºC. 
This hypothesis should be verified via further testings.  
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V  CONCLUSION AND SUMMARY 
 
55 Conclusions and summary 
 
It is known (Rickli, 1982; Ramsay and Richardson, 1992; Laakso et al., 2004; Malmberg et al., 
2006) that laser beam is suitable for processing of paper materials. In this thesis, paper materials 
mean all wood-fibre based materials, like dried pulp, copy paper, newspaper, cardboard, corrugated 
board, tissue paper etc. Accordingly, laser processing in this thesis means all laser treatments, like 
cutting, partial cutting, marking, creasing, perforation, engraving etc. that can be executed to paper 
materials with laser beam.  
 
Laser technology provides many advantages for processing of paper materials: non-contact method, 
freedom of processing geometry, reliable technology for non-stop production etc. Especially 
packaging industry is very promising area for laser processing applications; laser creasing, laser 
cutting and laser marking could be done with same laser equipment. However, there exists only few 
industrial laser processing applications worldwide even in beginning of 2010´s. Firstly, one reason 
for small-scale use of laser technology in paper material manufacturing is that there is a shortage of 
published research and scientific articles. Secondly, one of the most crucial things restraining the 
use of laser for processing of paper materials has been the yellowish and/or greyish colour of cut 
edge that appears during cutting or after cutting.  
 
These all are the main reasons for selection of the topic of this thesis to concern characterization of 
interaction of laser beam and paper materials. Large-scale industrial implementation of laser cutting 
of paper materials can be done only after full understanding of phenomena involved. When basic 
issues in laser beam and paper material interaction are studied, also new innovative ways for further 
developing laser processing of paper materials can be done and even new applications found.  
 
This study was carried out in Laboratory of Laser Processing at Lappeenranta University of 
Technology (Finland). Laser equipment used in this study was TRUMPF TLF 2700 carbon dioxide 
laser that produces a beam with wavelength of 10.6 µm and with power range of 190-2500 W 
(approximate laser power on work piece).  
 
Study of laser beam and paper material interaction was carried out by treating dried kraft pulp 
(grammage of 67 g m-2) with different laser power levels, focal point settings and interaction times. 
Interaction between laser beam and dried kraft pulp was detected with different monitoring devices, 
namely spectrometer, pyrometer and active illumination imaging system. Evaluation of usability of 
these devices was also carried out. 
 
Laser beam and dried kraft pulp interaction was characterised with assist of following monitoring 
methods: 
- spectrometer of HR2000+ by Ocean Optics, 
- pyrometer of Temperature-Control-System TCS by Thyssen Laser-Technik and  
- active illumination imaging system by Cavitar. 
 
Pyrometer and spectrometer are used for observing the radiation emitted by process. Spectrometer 
measures intensity of light over a defined wavelength range (194-652 nm) and pyrometer monitors 
thermal radiation from two narrow ranges in IR wavelength range (1200-1400 nm and 1400-1700 
nm). Spectrometer can be used for detecting emission and intensity of different wavelengths as a 
function of time. It is possible to determine surface temperature of the object with pyrometer. 
Active illumination imaging system can be used to take videos from bright sources still avoiding the 
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high brightness of the source to cause over exposure of the camera cell. Result of interaction was 
also analysed afterwards with microscope.  
 
This way it was possible to create an input and output parameter diagram and study the effects of 
input and output parameters (see figure 55.1). When this interaction is understood also process 
development can be carried out and even new innovations found out. There is clear lack of this kind 
of information which also prevents wider use of laser technology in paper making and converting 
industry.  
 

 
 

Figure 55.1.  Input-output parameters system used to study interaction of laser beam and paper 
material. 

 
To be able to analyse interaction between laser beam and paper material (see figure 55.1) and to 
understand effect of I-I, I-O and PI-O parameters to the whole process, concept of effect analyses 
was created for this thesis. Term effect analyses means analyses group of:  
- DP/IP (direct proportionality/inverse proportionality) analysis,  

- this analysis is introduced to understand direct/inverse proportionality of input and output 
parameters of interaction of laser beam and paper material.  

- correlation analysis  
- this analysis was carried out to define best correlations of input and output parameters 

between each other i.e. which parameters have significant effect on each other.  
- dependence analysis.  

- this analysis was executed to understand dependence and its characteristics of input and 
output parameters of interaction.  

 
It was concluded after analyses of result that interaction of laser beam and paper material has two 
mechanisms that are dependent on focal plane position range. Assumed interaction mechanism B 
appears in range of average focal plane position of 3.4 mm and 2.4 mm and assumed interaction 
mechanism A in range of average focal plane position of 0.4 mm and -0.6 mm. Focal plane position 
1.4 mm represents midzone of these two mechanisms. 
 
It was also concluded that holes during laser beam and paper material interaction are formed 
gradually: first small hole to interaction area of centre of laser beam cross-section is formed and 
after that as function of interaction time hole expands, until interaction between laser beam and 
dried kraft pulp is ended. When hole images of small holes in beginning of laser beam and dried 
kraft pulp interaction are observed, they have very good quality. It is obvious that black colour and 
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HAZ appear as function of interaction time. This reveals that there still are different interaction 
phases within interaction mechanisms A and B. These interaction phases appear as function of time 
and also obviously as function of peak intensity of laser beam.  
 
So interaction mechanism A is divided into interaction phase I and interaction phase II. This two-
phase characteristic of interaction mechanism A is called mechanism A dual phase mode (MADM). 
Interaction phase I consists time range during which laser beam hits dried kraft pulp and interaction 
phase II time range slightly before this interaction is ended. It can be concluded that during 
interaction phase I laser beam hits dried kraft pulp and a small hole is formed. As a function of 
interaction time hole area enlarges during interaction phase II until it attains it’s the maximum area 
by the moment when the interaction between laser beam and paper material is ended.  
 
As BCAImax in range of interaction mechanism A has highest peak intensity, it is obvious that this 
area interacts first as function of interaction time with dried kraft pulp. As interaction continues also 
“edge of laser beam”, namely BCAImin interacts with dried kraft pulp and then whole hole is formed. 
It is assumed that interaction phases I and II have different characteristics; phase I consists of 
evaporation of paper material and giving good quality and phase II consist of interaction that results 
poor quality with a lot of black debris in ICA.    
 
It was concluded that characteristics interaction phases I and II of interaction mechanism A are also 
valid for mechanism B if limit BCAImax peak intensity values less than 1320 kW cm-2 and BCAImin 
peak intensity 260 kW cm-2 are used. 
 
It was also determined that when limit BCAImax and BCAImin peak intensity are surpassed both 
interaction mechanism A and B turns from one-phase interaction into dual-phase interaction. So, 
actually limit BCA peak intensity is the value that divides interaction mechanism A and B from one-
phase interaction into dual-phase interaction. So all limit BCAImax peak intensity values under 1320 
kW cm-2 and BCAImin peak intensity 260 kW cm-2 belong to MAOM (interaction mechanism A one-
phase mode) or to MBOM (interaction mechanism B one-phase mode) and values over that belong 
to MADM (interaction mechanism A dual-phase mode) or to MBDM (interaction mechanism B 
dual-phase mode).  
 
Hole appears as interaction between laser beam and paper material starts, this can be seen as single 
peak in spectrometer data. This peak is assumed to appear as material evaporates from solid 
material to gaseous products. This cannot be seen with pyrometer since the emissions are not in 
range of pyrometers sensitivity. Measuring ranges of pyrometer are between 1200 nm and 1400 nm 
and between 1400 nm and 1700 nm. These are in area of near infrared, as pyrometer is usually used 
for monitoring of laser processing of metallic materials (primarily monitoring of laser hardening), it 
can detect temperatures e.g. representing phase transformations in range of 800-500oC of material 
and higher  emitting near infrared radiation. Pyrometer is able to detect these temperatures. But as 
in MAOM and MBOM, material is “directly evaporated” and there is neither molten nor solid 
material, pyrometer simply detects nothing. But instead, spectrometer is able to detect intensity 
peak in wavelength area of 588-589 nm. This refers to yellow light. It can be concluded that when 
dried kraft pulp is “directly evaporated”, material phase change from solid to vapour is detect by 
spectrometer.  
 
It was earlier mentioned that Piili (Piili, 2009) noticed that this maximum spectral intensity peak 
appears always in wavelength of 588-589 nm. This study was carried out with copy paper. This is in 
range of yellow light, so it refers to maximum spectral intensity appearing in area of yellow light. 
This intensity peak is also detected as ceramic materials (Taimisto et al., 2011) and metallic 
materials (Lehti et al., 2011). So this refers to fact that appearance of peak intensity in range of 
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wavelength 588-589 nm is not related to material. These facts also support assumption that peak 
intensity in wavelength range 588-589 nm is not emitted by any chemical element but it is emitted 
during phase transformation of material from solid to vapour. It was also concluded that peak 
intensity in range of 588-589 nm refers to temperature of ~1750ºC. Pyrometer does not detect this 
high intensity peak since it is not able to detect physical phase change from solid kraft pulp to 
gaseous compounds. 
 
Figure 55.2 represents different decomposition mechanisms of cellulose in different temperature 
ranges and mechanism of cellulose pyrolysis (Nowakowski, 2002). 
 

 
Figure 55.2. Different decomposition mechanisms of cellulose in different temperature ranges 

and mechanism of cellulose pyrolysis (Nowakowski, 2002). 
 
As it can be seen from figure 55.2, decomposition process of cellulose is evolution of hydrocarbons 
when temperature is between 380-500°C. This means that long cellulose molecule is splitted into 
smaller volatile hydrocarbons in this temperature range. As temperature increases, decomposition 
process of cellulose molecule changes. In range of 700-900°C, cellulose molecule is mainly 
decomposed into H2 gas; this is why this range is called evolution of hydrogen. 
 
It is assumed that MAOM and MBOM are in range of “direct evaporation” of dried kraft pulp. 
“Direct evaporation” in this context means that dominating decomposition process of dried kraft 
pulp is evolution of hydrogen in temperature range of 500-700°C. Pyrometer and spectrometer are 
not able to detect this very fast decomposition of dried kraft pulp to gaseous products of H2, CO, 
CO2 and HCs. This is also why quality of laser treatment is in the range of MAOM and MBOM 
very good. When material is “directly evaporated” into small-chained gaseous products, no burning 
or blackening occurs. It is also assumed that as peak intensity of BCA reaches limit BCAImax peak 
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intensity of 1320 kW cm-2 and BCAImin peak intensity of 260 kW cm-2, energy in interaction reaches 
such level that interaction mechanism is changed. This is point where MADM and MBDM take 
place.  
 
But as interaction time between laser beam and dried kraft pulp continues, hypothesis is that three 
auto ignition processes occurs. Auto ignition of substance is the lowest temperature in which it will 
spontaneously ignite in a normal atmosphere without an external source of ignition, such as a flame 
or spark. Three auto ignition processes appears in range of MADM and MBDM, namely: 
1. temperature of auto ignition of hydrogen atom (H2) is 500ºC, 
2. temperature of auto ignition of carbon monoxide molecule (CO) is 609ºC and 
3. temperature of auto ignition of carbon atom (C) is 700ºC. 
 
These three auto ignition processes leads to formation of plasma plume which has strong emission 
of radiation in range of visible light. Formation of this plasma plume can be seen as increase of 
intensity in wavelength range of ~475-652 nm. Pyrometer shows maximum temperature just after 
this ignition.  
 
Pyrometer shows maximum temperature just after this ignition. This plasma plume is assumed to 
scatter laser beam in area of BCAImin such that it interacts with larger area of dried kraft pulp than 
what is actual area of BCAImin. This assumed scattering reduces also peak intensity of BCAImin. So 
result shows that assumably scattered light with low peak intensity is interacting with large area of 
hole edges and due to low peak intensity this interaction happens in low temperature. So interaction 
between laser beam and dried kraft pulp turns from evolution of hydrogen to evolution of 
hydrocarbons. This leads to black colour of hole edges. Figure 55.3 shows diagram of 
characteristics of OM and DM. 

 
Figure 55.3. Characteristics of OM and DM.  
 
Beam cross-section area BCA86 means in this thesis that cross-section area of laser beam where 
beam hits sample top surface and cross-section area contains 86 % of the beam power. Beam-hole-
ratio BHR86 was created in this thesis to define ratio between BCA86 and hole area produced 
during interaction of laser beam. When relation between fluence and BHR86 was examined, it was 
noticed that BHR86 describes change of interaction mechanism from evolution of hydrogen (one-
phase mode OM) to evolution of hydrocarbons (dual-phase mode DM). Maximum values of BHR86 
belong to OM and minimum values to DM. This relation can be described with equation 55.1. 
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BHR86= -kBHR86  ln F + cBHR86   (55.1) 
 
where kBHR86 coefficient representing different average focal plane positions,    
                                           (mm2 · %) J-1 

 F fluence, J mm-2 

 cBHR86 BHR86 constant of 176.82, %. 

 
Values for kBHR86 representing different average focal plane positions are shown in table 55.1.   
 
Table 55.1 Values for kBHR86 representing different average focal plane positions. 
 

Average focal plane position, mm kBHR86, (mm2 · %) J-1 

3.4 27.08 
2.4 35.00 
1.4 17.12 
0.4 2.01 
-0.6 1.53 

 
It was also concluded that BHR86 limit fluence determines fluence range where interaction 
mechanism turns from OM to DM. BHR86 limit fluence Flimit can be defined as equation 55.2 
represents. 
 
 Flimit =  kBHR86     (55.2) 
               0.1 
 
where Flimit  BHR86 limit fluence, J mm-2. 
 
When relation between fluence and hole area was examined, it was noticed that processes at 
average focal plane position of 3.4 mm and 2.4 mm are dominated by OM. Average focal plane 
position 2.4 mm is an exception since average laser power of 385 W and 498 W belongs to 
mechanism DM. Range of midzone A-B is located to same range where plasma plume is formed. 
So it is in range where decomposition mechanism of dried kraft pulp turns from evolution of 
hydrogen to evolution of hydrocarbons. This is why it also locates between ranges of average focal 
plane position 3.4 mm and 2.4 mm and average focal plane position 0.4 mm and -0.6 mm. Relation 
between fluence and hole area can be expressed with equation 55.3. 
 

AH = kH · F+ cH    (55.3) 
 
where AH hole area, mm2 

kH coefficient, J-1 
cH constant, J mm-2 

 
Values for kH and cH representing different average focal plane positions are shown in table 55.2.  
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Table 55.2 Values for kH and cH representing different average focal plane positions. 
 

Average focal plane position, mm kH, J-1 cH, J mm-2 

3.65 0.0010 0.15 
2.65 0.0009 0.11 
1.65 0.0005 0.11 
0.65 0.0002 0.24 
-0.35 0.0002 0.17 

 
Equation 55.3 can also be determined with known laser power, pulse length and BCA (beam cross-
section area), as equation 55.4 shows. 
 

AH = kH 
BCAt

P

pulse

laser  + cH    (55.4) 

 
where Plaser laser power, W 
 tpulse pulse length, s 

BCA beam cross-section area, mm2. 
 
In MMM analysis, it was noticed that hole area and ΔHAZ have area best correlation to visual 
evaluation of quality of laser treated dried kraft pulp. ΔHAZ in this thesis was created to describe 
difference between HAZ (heat affected zone) in top side of material and bottom side of material. It 
was decided to determine HAZ of laser treatment for dried kraft pulp, since it describes quality of 
laser beam and paper material interaction and gives numerical value of quality. Hole area expresses 
the area of resulting of laser treatment but it is not describing quality at all. Small HAZ value refers 
to fact that area of heat impact zone around hole is small and respectively large HAZ refers to large 
area of heat impact zone around hole. 
 
Relation between focal plane position as function of average laser power and ΔHAZ can be 
expressed with equation 55.5.  
 
 ΔHAZ = - kFLH  f + cFLH    (55.5) 
 
where kFLH coefficient depending on average laser power, % mm-1 

f focal plane position, mm 
cFLH constant depending on average laser power, %. 

 
Values for kFLH and cFLH representing different average laser power are determined in table 55.3.  
 
Table 55.3 Values for kFLH and cFLH representing different average laser power. 
 

Average laser power, W kFLH, % mm-1 cFLH, %
141 4.42 32.02 
266 2.98 45.21 
385 4.75 65.54 
498 13.60 79.42 

 
Relation between focal plane position as function of pulse length and ΔHAZ can be expressed with 
equation 55.6.  



 

 

256 (265)

 
 ∆HAZ = - kFPH  f  + cFPH    (55.6) 
 
where kFPH coefficient depending on pulse length, % mm-1 

cFPH constant depending on pulse length, %. 
 
Values for kFPH and cFPH representing used pulse length are shown in table 55.4.   
 
 
 
Table 55.4  Values for kFPH and cFPH representing used pulse length. 
 

Pulse length, ms kFPH, % mm-1 cFPH, %
10 -0.11 62.40 
40 5.44 49.08 
90 8.81 45.18 
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Appendix 1 
 
Explanation of some terms of paper technology 
 
Additives 
Clay, fillers, dyes, sizing and other chemicals added to pulp to give the paper better smoothness, 
colour, etc (Goyal, 2011). 
Beater 
An equipment used for beating, refining and mixing pulps (Goyal, 2011). 
Beating or refining 
The mechanical treatment of the fibers in water to increase surface area, flexibility and promote 
bonding when dried (Goyal, 2011).  
Bleaching 
Chemical pulps may be bleached to varying degrees of brightness, depending on the end use. 
During some bleaching operations, the remaining lignin is removed and residual coloring matter 
destroyed. Alternatively, a nondelignifying bleach lightens the color of high-lignin pulps (Avallone 
and Baumeister, 1996). 
Brightness 
The reflectance or brilliance of the paper, when this is measured under a specially calibrated blue 
light (Goyal, 2011). 
Bulk 
Reverse of density, expressed as cubic centimeter per gram (Goyal, 2011). 
Calendering   
The calender is a series of hard pressure rollers at the end of a papermaking process (on-line). Those 
that are used separate from the process (off-line) are also called supercalenders. The purpose of a 
calender is to smooth out the paper for printing and writing on it, and to increase the gloss on the 
surface. Calenders have "hard" heated rollers made from steel, and “soft” rollers coated with 
polymeric composites. This widens the working nip and distributes the specific pressure on the 
paper more evenly (Goyal, 2011). 
Calcium carbonate 
CaCO3, a naturally occurring substance found in a variety of sources, including chalk, limestone, 
marble, oyster shells, and scale from boiled hard water. Used as a filler in the alkaline paper 
manufacturing process, calcium carbonate improves several important paper characteristics, like 
smoothness, brightness, opacity, and it also reduces paper acidity (Goyal, 2011). 
Cellulose 
It is a high molecular weight, stereoregular, and linear polymer of repeating beta-D-glucopyranose 
units. Simply speaking it is the chief structural element and major constituents of the cell wall of 
trees and plants (Goyal, 2011). 
Cellulose fiber  
An elongated and thick walled cellular unit, which is the main structural component of woody 
plants. Fibers in the plants are cemented together by lignin (Goyal, 2011). 
Chemical pulp 
Pulp obtained from the chemical cooking or digestion of wood (Goyal, 2011). 
Chemical pulping 
Chemical Pulping Fiber separation can also be accomplished by chemical treatment of wood chips 
to dissolve the lignin that cements the fibers together. From 40 to 50 percent of the log is extracted, 
resulting in relatively pure cellulosic fiber. There are two major chemical-pulping processes, which 
differ both in chemical treatment and in the nature of the pulp produced. In sulfate pulping, also 
referred to as the kraft or alkaline process, the pulping chemicals must be recovered and reused for 
economic reasons. Sulfate pulps result in papers of high physical strength, bulk, and opacity; low 
unbleached brightness; slow beating rates; and relatively poor sheet-formation properties. Both 
bleached and unbleached sulfate pulps are used in packaging papers, container board, and a variety 
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of printing and bond papers. In sulfite pulping, the delignifying agents are sulfurous acid and an 
alkali, with several variations of the exact chemical conditions in commercial use. In general, 
sulphate pulps have lower physical strength properties and lower bulk and opacity than kraft pulps, 
with higher unbleached brightness and better sheet formation properties. The pulps are blended with 
groundwood for newsprint and are used in printing and bond papers, tissues, and glassine (Avallone 
and Baumeister, 1996). 
Chemo-Thermo-Mechanical Pulp (CTMP) 
Mechanical pulp produced by treating wood chips with chemicals (usually sodium sulfite) and 
steam before mechanical defibration (Goyal, 2011). 
Clay (kaolin) 
A natural substance used as both a filler and coating ingredient to improve smoothness, brightness, 
opacity of paper material. Clay is aluminium silicate or Al2O3 · 2 SiO2 · 2 H2O (Goyal, 2011). 
Coating 
Coated paper is paper, which has been coated by a compound to improve certain qualities to the 
paper, including weight and surface gloss, smoothness or ink absorbency. Clay (kaolin) is most 
often used for coating papers used in commercial printing, but synthetic or natural organic 
compounds, such as resins, PVC or starches, may also be used. Coatings may also protect against 
ultraviolet radiation, or give water resistance and wet-strength (Goyal, 2011). 
Copy paper 
Lightweight grades of good quality and dimensionally stable papers used for copying 
correspondence and documents (Goyal, 2011). 
Corrugated board 
Corrugated board (or corrugated cardboard) is an end product of kraft paper, in which a corrugated 
layer is sandwiched and glued between two layers of cover paper. The whole assembly, when the 
glue has set, results in a material having a high flexural strength (although it may be directional, 
depending on whether the material is flexed parallel or crosswise to the corrugations), and high 
penetration strength. For heavier-duty applications, several sandwiches are themselves glued 
together and result in a truly superior load-carrying material (Avallone and Baumeister, 1996). 
Corrugated medium 
Corrugating medium, in combined fiberboard, serves to hold the two linerboards apart in rigid, 
parallel separation. Stiffness is the most important property, together with good water absorbency 
for ease of corrugation (Avallone and Baumeister, 1996). 
Degree of polymerization (DP) 
Degree of polymerisation refers to the average number of glucose unit in each cellulose molecule of 
a pulp sample (Goyal, 2011).  
Deinked pulp (DIP) 
Paper pulp produced by deinking of recovered paper (Goyal, 2011). 
Deinking 
The process of removing inks, coatings, sizing, adhesives and/or impurities from waste paper before 
recycling the fibers into a new sheet (Goyal, 2011). 
Fibre 
The slender, thread-like cellulose structures that forms the main part of tree trunk and from 
separated and suitably treated, cohere to form a sheet of paper (Goyal, 2011). 
Filler 
Any inorganic substance added to the pulp during manufacturing of paper (Goyal, 2011). 
Folding boxboard 
Boxboard (or cardboard) and a variety of other board products are made on multicylinder machines, 
where layers of fiber are built up to the desired thickness. Interior plies are often made from 
wastepaper furnishes, while surface plies are from bleached, virgin fiber. Boards are often coated 
for high brightness and good printing qualities (Avallone and Baumeister, 1996). 
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Food board 
Food-board products require a good brightness and should be odourless and have good tear, tensile, 
and fold-endurance properties, opacity, and printability. More stringent sanitary requirements in 
current practice have caused this product to be coated largely by foamed plastics (polyethylene and 
the like) (Avallone and Baumeister, 1996). 
Freeness 
A term used to define how quickly water is drained from the pulp. The opposite of freeness is 
slowness. Freeness or slowness is the function of beating or refining (Goyal, 2011). 
Gloss 
The property that describes shiny or lustrous appearance of paper material. It also is the measure of 
a surface reflectivity of paper sheet. Gloss is often associated with quality: higher quality coated 
papers exhibit higher gloss (Goyal, 2011). 
Grammage 
Weight in grams of one square meter of paper or board (g m2). Also term basis weight is used 
(Goyal, 2011).  
Groundwood papers 
A general term applied to a variety of papers made with substantial proportions of mechanical wood 
pulp together with bleached or unbleached chemical wood pulps (generally sulfite), or a 
combination of these, and used mainly for printing and converting purposes (Goyal, 2011). 
Groundwood pulps 
A mechanically prepared (by grinding wood logs against a rough surfaced roll rotating at very high 
speed) coarse wood pulp used in newsprint and other low cost book grades, where it enhances bulk, 
opacity and compressibility. Groundwood pulp is economical since all the wood is used. However, 
it contains impurities that can cause discoloration and weakening of the paper (Goyal, 2011). 
Hardwood 
Wood from trees of angiosperms class, usually with broad leaves. Trees grown in tropical climates 
are generally hardwood. Hardwood grows faster than softwood but have shorter fibers compared to 
softwood (Goyal, 2011). 
Kaolin (see clay) 
Kraft paper 
A paper of high strength made from sulfate pulp (Goyal, 2011). 
Kraft pulp 
Chemical wood pulp produced by digesting wood by the sulfate process. Originally a strong, 
unbleached coniferous pulp for packaging papers, kraft pulp has now spread into the realms of 
bleached pulps from both coniferous and deciduous woods for printing papers (Goyal, 2011).  
Light Weight Coating (LWC) 
Coating applied at 7-10 g m-2 on one or both sides of the paper (Goyal, 2011). 
Liner 
A creased fiberboard sheet inserted as a sleeve in a container and covering all side walls. Used to 
provide extra stacking strength or cushioning (Goyal, 2011). 
Linerboard 
Linerboard and bag paper are principally unbleached, long-fiber, kraft products of various weights. 
Their principal property requirements are high tensile and bursting strengths (Avallone and 
Baumeister, 1996). 
Liquid packaging board 
Multilayer board, made of bleached pulp, middle layer CTMP. This board is often coated with PE 
and used in liquid packaging purposes (Avallone and Baumeister, 1996). 
Mechanical pulp 
Pulp produced by mechanically grinding logs or wood chips. It is used mainly for newsprint and as 
an ingredient of base stock for lower grade printing papers (Goyal, 2011). 
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Mechanical pulping 
Woodchips is reduced to fibers by grinding against a stone cylinder, the simplest route to 
papermaking fiber. Wood fibers are mingled with extraneous materials which can cause weakening 
and discoloration in the finished paper. Resulting pulp imparts good bulk and opacity to a printing 
sheet. Some long-fibered chemical pulp is usually added. Groundwood is used extensively in low-
cost, short-service, and throwaway papers, e.g., newsprint and catalog paper (Avallone and 
Baumeister, 1996). 
Newsprint 
A paper manufactured mostly from mechanical pulps specifically for the printing of newspaper 
(Goyal, 2011). 
Moisture content 
The amount of moisture or water in a sheet of paper, expressed in percent (Goyal, 2011). 
Opacity 
The higher the opacity the less likely that the printing on one side will be visible from the other side 
(Goyal, 2011). 
Pigment 
An ingredient added to pulp to increase the brightness and opacity of white paper or dye the pulp to 
create a colored sheet (Goyal, 2011). 
Pressurized Groundwood Pulp (PGW) 
Mechanical pulp produced by treating logs with steam before defibration against a grindstone under 
externally applied pressure (Goyal, 2011). 
Printability 
The overall performance of the paper on press (Goyal, 2011). 
Printing 
The transfer of ink onto paper or other materials to reproduce words and images (Goyal, 2011). 
Printing paper 
Printing papers include publication papers (magazines), book papers, bond and ledger papers, 
newsprint, and catalog papers. In all cases, printability, opacity, and dimensional stability are 
important (Avallone and Baumeister, 1996). 
Pulp 
A suspension of cellulose fibers in water (Goyal, 2011). 
Refining 
Mechanical treatment of fibers to enhance bonding (Goyal, 2011). 
Sizing 
Sizing is used, principally in book papers, to make the paper water-repellant and to enhance 
interfiber bonding and surface characteristics. Sizing materials may be premixed with the pulp or 
applied after sheet formation (Avallone and Baumeister, 1996). 
Smoothness 
The surface uniformity of paper. Sheets that are flat and even provide better ink dot formation and 
sharper images (Goyal, 2011). 
Softwood 
Woods obtained from coniferous trees. Generally grown in cold climates. Softwood grows slower 
than hardwood but have longer fibers compared to hardwood (Goyal, 2011). 
Solid board 
Multilayer board mainly made of birch pulp (Goyal, 2011). 
Stiffness 
The ability of paper or paperboard to resist an applied bending force and to support its own weight 
while being handled (Goyal, 2011). 
Sulfate pulping 
Alkaline process of cooking pulp (Goyal, 2011). 
Sulfite pulping 
Acid process of cooking pulp (Goyal, 2011). 
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Supercalender 
A stack of steel and fiber-covered rolls at the end of the paper machine, which is used to increase 
gloss and smoothness of paper materials (Goyal, 2011). 
Supercalendering 
Treatment of paper on an off-machine supercalender to improve smoothness and gloss (Goyal, 
2011). 
Surface roughness 
For coated boards, Parker Print Surf (PPS) roughness tester is used where the test result is expressed 
as an average of the surface profiles in micrometers (m) low results show smooth surface while 
high results indicate poor surface. For coated board, Bendtsen method readings given as total 
leakage of air in ml min-1 (Goyal, 2011). 
Surface smoothness 
The smoothness of the linerboard surface may affect printing quality because slight depressions 
may not receive complete ink coverage (Goyal, 2011). 
Talc 
Chemically talc is magnesium silicate or 3 MgO  4 SiO2  2 H2O (Goyal, 2011). 
Tissue  
A low weights and thin sheet. Normally a paper sheet weighing less than 40 gram per meter square 
is called tissue (Goyal, 2011). 
Titanium dioxide 
An opaque and expensive compound used as a white pigment and opacifier in papermaking. 
Elemental titanium is a lustrous, lightweight, white metal with exceptional strength (Goyal, 2011). 
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Appendix 2 
 
Random, linear, circular and elliptical polarisation of light 
 
Ordinary light is random polarised (see figure 1) (Steen, 1991). 
 

 
 

Figure 1. Random polarised and polarised light (Steen, 1991). 
 
As figure 1 shows, electrical components of random polarised light oscillates to all possible 
directions. When light is polarised, electronic components oscillates to determined direction (Steen, 
1991). 
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Appendix 3 
 
Explanation of different analysis methods to define behaviour of cellulose molecule in high 
temperatures   
 
Pyrolysis of cellulose 
  
Pyrolysis is defined as chemical change of a non-volatile compound to a volatile decomposition 
compound induced in organic materials by heat in the absence of oxygen. In practice, it is not 
possible to achieve a completely oxygen-free atmosphere; actual pyrolytic systems are operated 
with less than stoichiometric quantities of oxygen. Because some oxygen will be present in any 
pyrolytic system, nominal oxidation will occur. If volatile or semi volatile materials are present in 
the waste, thermal desorption will also occur (Meier and Faix, 1992). 
 
Pyrolysis of organic materials produces combustible gases, including carbon monoxide, hydrogen 
and methane and other hydrocarbons. Pyrolysis typically occurs under pressure and at operating 
temperatures above 430°C. Figure 1 shows the schematic diagram of pyrolysis apparatus of 
cellulose (Alén et al., 1996). 

 
Figure 1. Pyrolysis apparatus (1 = nitrogen, 2 = flow meter and needle valve, 3 = protector, 4 = 

electroballance, 5 = trap, 6 = condenser, 7 = shell and tube reactor, 8 = furnace, 9 = 
sample and pan, 10 = k-type thermocouple, 11 = computer, 12 = temperature 
controller, 13 = power supply) (Alén et al., 1996). 

 
A sample with a known mass is placed on a small disc which hangs on a suspension wire of 
balance. This system is enclosed in a quartz shell and tube reactor. Nitrogen in high flow rate is 
introduced to system for one hour till residual oxygen is purged out. After half an hour, the reactor 
is placed in the furnace, which is heating in a certain heating rate and pyrolysis can begin (Alén et 
al., 1996). 
 
Thermogravimetry Analysis (TGA) 
 
Thermogravimetry is used in the study of polymeric systems. The technique involves monitoring 
the weight loss of the sample in a chosen atmosphere as a function of temperature.  
 
Usually in analysis 10 mg of sample is measured in an aluminium holder and under nitrogen or air 
flow it is heated with rate of 10C/min from 25C to 420C (temperature range can be from 25ºC to 
1000C). The thermal analysis can be performed in a controlled atmosphere, including also oxygen 
or helium with adjustable flow rates (Camino et al., 1995). 
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The TGA can be used to analyze desorption and decomposition behaviour, characterize oxidation 
behaviour, set burnout or conditioning parameters (temperature/ramp rate/time) and determine 
chemical composition.  
 
A mass spectrometer (MS) can be coupled to the TGA instrument for continuous on-line-analysis 
and identification of evaporated gases during heating of the sample in TGA. The gases are routed to 
the MS via a capillary, which can be heated up to 150°C to prevent the evaporated gases from 
condensing (Anon., 2009a). 
 
Figure 2 represents a typical thermogram (this example is polyethylene glycol) where weight loss is 
shown as a function of temperature (Anon., 2006a). 

 

 
 

Figure 2.  A thermogram of the degradation (weight loss) of polyethylene glycol as a function of 
the temperature (Anon., 2006a). 

 
Differential Scanning Calorimetry (DSC) 
 
Differential scanning calorimetry is a thermal analysis technique, which is used to measure the 
temperatures and heat flows associated with transitions in materials as a function of time and 
temperature. Such measurements provide qualitative and quantitative information about physical 
and chemical changes, that involve endothermic and exothermic processes or changes in heat 
capacity. 
 
DSC measures the amount of energy (heat) absorbed or released by a sample as it is heated, cooled 
or held at a constant temperature. Typical applications include determination of melting point 
temperature and the heat of melting, measurement of the glass transition temperature, curing and 
crystallization studies and identification of phase transformations. Usually the temperature range of 
the DSC is -170C to 730C (Anon., 2009a; Anon., 2006b). Typical DSC plot is shown in figure 3. 



  Appendix 3            3(3)

 
               
                                 

 
Figure 3. A typical DSC plot (Anon., 2009b). 
 
In figure 3 there are shown three temperatures (Anon., 2009b):  

- glass transition temperature Tg,   
- crystallization temperature Tc and  
- melting temperature Tm.  

 
Thermal volatilisation analysis (TVA) 
 
Thermal degradation is carried out in dynamic vacuum (10-3 – 10-4 mm Hg/0.001 Pa) with heat rate 
of 10C/min. Gases condensed at temperature of -196C are collected to a trap. A water-cooled 
glass finger is introduced to TVA degradation vessel to condense and collect high boiling products. 
 
This liquid nitrogen trap is between the sample and vacuum pump. Any volatiles produced will 
increase the pressure in the system until they reach the liquid nitrogen and condense out. The 
pressure is proportional to the mass volatilization rate and pressure transducer is used to measure 
decomposition rate (Camino et al., 1995). 
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Appendix 4 
 
Basic phenomena of light absorption of matter 
 
Laws of photochemistry 
 
Stark-Einstein-law 
 
This law is known also as the Einstein photochemical equivalence law. It states that each molecule 
taking part in a chemical reaction caused by electromagnetic radiation absorbs one photon of the 
radiation (Parker, 1985). 
 
Grotthus-Draper-law 
 
The law states only that radiation which is absorbed can produce chemical change. However, 
absorbed radiation does not necessarily cause a chemical reaction. Absorbed radiation may simply 
be converted into heat, or it may be re-emitted as light of a different wavelength. The latter 
phenomenon is called fluorescence (Wypych, 2008). 
 
Laws of light absorption of material 
 
Beer law 
 
This law states that the absorption of light by a solution changes exponentially with the 
concentration (Parker, 1985). 
 
Lambert law 
 
Bouguer-Lambert-law (or Lambert law) states that the change in intensity of light transmitted 
through an absorbing substance is related exponentially to the thickness of the absorbing medium 
and a constant which depends on the sample and wavelength of the light (Parker, 1985). 
 
Lambert-Beer-law 
 
Lambert-Beer law (or Bouguer-Lambert-law) states that the intensity of beam of monochromatic 
radiation in an absorbing medium decreases exponentially with penetration distance (Parker, 1985). 
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Appendix 5 
 
Definition of enthalpy and latent heat 
 
Enthalpy 
 
The heat content of a chemical system is called the enthalpy (H). The enthalpy change (ΔH) is the 
amount of heat released or absorbed, when a chemical reaction occurs at constant pressure (see 
equation 1) (Parker, 1985; Bäuerle, 2000) 
 

∆H = H(products) - H(reactants)    (1) 
 
H is specified per mole of substance as in the balanced chemical equation for the reaction. The unit 
usually is J mol-1. 
 
In thermodynamics the word exothermic describes a process or reaction that releases energy in the 
form of heat and endothermic describes a process or reaction that absorbs energy in the form of 
heat. Definitions of exothermic and endothermic are shown in table 1 (Bäuerle, 2000; Green and 
Perry, 2008) 
 
Table 1 Definitions of terms exothermic and endothermic (Bäuerle; 2000; Green and Perry, 

2008) 
 

 Exothermic Endothermic 
Energy 
balance 

- Energy is released. 
- Energy is a product of the reaction. 
- Energy of the reactants is greater than the 

energy of the products. 
- Negative ∆H = H(products) - H(reactants)  

- Energy is released. 
- Energy is a product of the reaction. 
- Energy of the reactants is less than the 

energy of the products. 
- Positive ∆H = H(products) - H(reactants)  

Energy 
profile 

 
Latent heat 
 
Latent heat is the amount of energy in the form of heat released or absorbed by a substance during a 
change of phase (i.e. solid, liquid or gas). It also called a phase transition heat (Green and Perry, 
2008). 
 
Two latent heats (or enthalpies) are typically described:  
 
- latent heat of fusion (transition from the solid to liquid phase),  
- latent heat of vaporization (transition from the liquid to gas phase) 
- etc. 
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The names describe the direction of heat flow from one phase to the next: solid → liquid → gas. 
The unit of latent heat is J g-1. 
 
Latent heat can be calculated as equation 2 shows (Green and Perry, 2008). 
 

 
 m 

Q  
    LF


       (2) 

 
where LF latent heat, J g-1. 

ΔQ change in amount of heat, J 
m mass of object, g. 

 
Heat of vaporization is much bigger than heat of fusion, so vaporization needs much of more energy 
than melting (Green and Perry, 2008). When mechanism of paper material laser processing is 
mostly vaporization, energy consumption of laser processing is determined by heat of vaporization 
of paper material (Peters and Banas, 1977). 
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Appendix 6 
 
Laser power, focal plane position and pulse length parameter combinations used in this study  
 
Table 1 Laser power, focal plane positions and pulse length used in this study. 
 

Test ID Focal plane position, mm Laser power, W Pulse, ms Repeat 1 Repeat 2 Repeat 3 Repeat 4 
1 3.0 139 10 x x x x 
2 3.0 139 40 x x x x 
3 3.0 139 90 x x x x 
4 2.0 144 10 x x x x 
5 2.0 144 40 x x x x 
6 2.0 144 90 x x x x 
7 1.0 139 10 x x x x 
8 1.0 139 40 x x x x 
9 1.0 139 90 x x x x 

10 0.0 142 10 x x x x 
11 0.0 142 40 x x x x 
12 0.0 142 90 x x x x 
13 -1.0 140 10 x x x x 
14 -1.0 140 40 x x x x
15 -1.0 140 90 x x x x 
16 3.4 264 10 x x x x 
17 3.4 264 40 x x x x 
18 3.4 264 90 x x x x 
19 2.4 266 10 x x x x 
20 2.4 266 40 x x x x 
21 2.4 266 90 x x x x 
22 1.4 264 10 x x x x 
23 1.4 264 40 x x x x 
24 1.4 264 90 x x x x 
25 0.4 266 10 x x x x 
26 0.4 266 40 x x x x 
27 0.4 266 90 x x x x 
28 -0.6 268 10 x x x x 
29 -0.6 268 40 x x x x 
30 -0.6 268 90 x x x x 
31 3.5 384 10 x x x x 
32 3.5 384 40 x x x x 
33 3.5 384 90 x x x x 
34 2.5 387 10 x x x x 
35 2.5 387 40 x x x x 
36 2.5 387 90 x x x x 
37 1.5 384 10 x x x x 
38 1.5 384 40 x x x x 
39 1.5 384 90 x x x x 
40 0.5 384 10 x x x x 
41 0.5 384 40 x x x x 
42 0.5 384 90 x x x x 
43 -0.5 386 10 x x x x 
44 -0.5 386 40 x x x x 
45 -0.5 386 90 x x x x 
46 3.8 494 10 x x x x 
47 3.8 494 40 x x x x 
48 3.8 494 90 x x x x 
49 2.8 494 10 x x x x 
50 2.8 494 40 x x x x 
51 2.8 494 90 x x x x 
52 1.8 494 10 x x x x 
53 1.8 494 40 x x x x 
54 1.8 494 90 x x x x 
55 0.8 503 10 x x x x 
56 0.8 503 40 x x x x 
57 0.8 503 90 x x x x 
58 -0.2 503 10 x x x x 
59 -0.2 503 40 x x x x 
60 -0.2 503 90 x x x x 
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Appendix 7 
 
Beam caustics and cross-sections measured with beam profile analyzer 
 
Average laser power 141 W 
 
Laser power 139 W – focal plane position 3 mm 

 
Figure 1.   Beam caustics.  

a)  b)  
Figure 2.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 145 W – focal plane position 2 mm 

 
Figure 3.   Beam caustics.  
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a) b)   
Figure 4.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 139 W – focal plane position 1 mm 

 
Figure 5.   Beam caustics.  

a) b)  
Figure 6.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
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Laser power 142 W – focal plane position 0 mm 

 
Figure 7.   Beam caustics.  

a) b)  
Figure 8.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 140 W – focal plane position -1 mm 

 
Figure 9.   Beam caustics.  
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a) b)  
Figure 10.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Average laser power 266 W 
 
Laser power 264 W – focal plane position 3.4 mm 

 
Figure 11.   Beam caustics.  

a) b)  
Figure 12.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
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Laser power 266 W – focal plane position 2.4 mm 

 
Figure 13.   Beam caustics.  

a) b)  
Figure 14.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 264 W – focal plane position 1.4 mm 

 
Figure 15.   Beam caustics.  
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a) b)  
Figure 16.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 266 W – focal plane position 0.4 mm 

 
Figure 17.   Beam caustics.  

a) b)  
Figure 18.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
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Laser power 268 W – focal plane position -0.6 mm 

 
Figure 19.   Beam caustics.  

a) b)  
Figure 20.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Average laser power 385 W 
 
Laser power 384 W – focal plane position 3.5 mm 

 
Figure 21.   Beam caustics.  
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a) b)  
Figure 22.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 387 W – focal plane position 2.5 mm 

 
Figure 23.   Beam caustics.  

a) b)  
Figure 24.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 



  Appendix 7           9(14) 

 
               
                                 

Laser power 384 W – focal plane position 1.5 mm 

 
Figure 25.   Beam caustics.  

a) b)  
Figure 26.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 384 W – focal plane position 0.5 mm 

 
Figure 27.   Beam caustics.  
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a)  b)  
Figure 28.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 386 W – focal plane position -0.5 mm 

 
Figure 29.   Beam caustics.  

a)  b)  
Figure 30.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
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Average laser power 498 W 
 
Laser power 494 W – focal plane position 3.8 mm 

 
Figure 31.   Beam caustics.  

a)  b)  
Figure 32.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 494 W – focal plane position 2.8 mm 

 
Figure 33.   Beam caustics.  
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a)  b)  
Figure 34.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 494 W – focal plane position 1.8 mm 

 
Figure 35.   Beam caustics.  

a)  b)  
Figure 36.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
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Laser power 503 W – focal plane position 0.8 mm 

 
Figure 37.   Beam caustics.  

a)  b)  
Figure 38.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
 
Laser power 503 W – focal plane position -0.2 mm 

 
Figure 39.   Beam caustics.  
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a)  b)  
Figure 40.   Beam cross-section of a) whole beam cross-section area and b) beam cross-section 

area which contains 86% of all power. 
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Appendix 8 
 
Definition of focal plane positions and corresponding beam profiles 
 
Table 1 Distance between top surface of cellulose and bottom surface of nozzle. 
 

Test ID 
Distance between top surface of cellulose  

material and bottom surface of nozzle, mm 
1 3.4
2 2.4 
3 1.4 
4 0.4 
5 -0.6 

 
Table 2 Determination of focal plane positions of average laser power 141 W. 
 

Plane 

Distance between top 
surface of cellulose 
material and bottom 

surface of nozzle, mm 

Position of nozzle 
bottom surface in 

beam analysis, 
mm 

Focal plane 
position, 

mm 

Position of 
focal plane in 
beam analysis, 

mm 

Position of 
plane in beam 
analysis, mm 

5 3.40 10.10 3 10.5 13.5 
9 2.40 10.10 2 10.5 12.5 
3 1.90 10.10 1.5 10.5 12 
8 1.40 10.10 1 10.5 11.5 
2 0.90 10.10 0.5 10.5 11 
11 0.40 10.10 0 10.5 10.50 
7 0.00 10.10 -0.4 10.5 10.1 
4 -0.10 10.10 -0.5 10.5 10 
12 -0.60 10.10 -1 10.5 9.5
1 -1.10 10.10 -1.5 10.5 9 

 
Table 3 Determination of focal plane positions of average laser power 266 W. 
 

Plane 
Distance between top surface 

of cellulose material and 
bottom surface of nozzle, mm 

Position of nozzle 
bottom surface in 

beam analysis, mm 

Focal plane 
position, mm 

Position of focal 
plane in beam 
analysis, mm 

Position of plane 
in beam 

analysis, mm 
10 3.40 10.10 3.4 10.1 13.5 
9 2.40 10.10 2.4 10.1 12.5 
3 1.90 10.10 1.9 10.1 12 
8 1.40 10.10 1.4 10.1 11.5 
6 0.90 10.10 0.9 10.1 11 

11 0.40 10.10 0.4 10.1 10.50 
13 0.00 10.10 0 10.1 10.1 
2 -0.10 10.10 -0.1 10.1 10 

12 -0.60 10.10 -0.6 10.1 9.5 
5 -1.10 10.10 -1.1 10.1 9 

 
 
 
 
 
 
 
 
 
 
 



  Appendix 8             2(2) 

 
               
                                 

Table 4 Determination of focal plane positions of average laser power 385 W. 
 

Plane 

Distance 
between top 
surface of 
cellulose 

material and 
bottom surface 
of nozzle, mm 

Position of 
nozzle 
bottom 

surface in 
beam 

analysis, mm 

Focal 
plane 

position, 
mm 

Position of 
focal plane 

in beam 
analysis, 

mm 

Position of 
plane in 

beam 
analysis, 

mm 

Corresponding 
plane Difference 

between focal 
plane position 

and plane 
position, mm 

 3.40 10.10 3.5 10  10 0.2 
10 3.20 10.10 3.3 10 13.3   
 2.40 10.10 2.5 10  9 0.2 
9 2.20 10.10 2.3 10 12.3   
3 1.90 10.10 2 10 12   
 1.40 10.10 1.5 10  8 0.2 
8 1.20 10.10 1.3 10 11.3   
2 0.90 10.10 1 10 11   
 0.40 10.10 0.5 10  11 0.2 

11 0.20 10.10 0.3 10 10.30   
x 0.00 10.10 0.1 10 10.1   
4 -0.10 10.10 0 10 10   
7 -0.20 10.10 -0.1 10 9.9   
 -0.60 10.10 -0.5 10  12 0.2 

12 -0.80 10.10 -0.7 10 9.3   

 
Table 5 Determination of focal plane positions of average laser power 498 W. 
 

Plane 

Distance 
between top 
surface of 
cellulose 

material and 
bottom surface 
of nozzle, mm 

Position of 
nozzle 
bottom 

surface in 
beam 

analysis, mm 

Focal 
plane 

position, 
mm 

Position of 
focal plane 

in beam 
analysis, 

mm 

Position of 
plane in 

beam 
analysis, 

mm 

Corresponding 
plane 

Difference 
between focal 
plane position 

and plane 
position, mm 

 3.4 10.10 3.8 9.7  10 0.4  
10 3.00 10.10 3.4 9.7 13.1   
 2.40 10.10 2.8 9.7  9 0.4 
9 2.00 10.10 2.4 9.7 12.1   
 1.40 10.10 1.8 9.7  8 0.4 
8 1.00 10.10 1.4 9.7 11.10   
 0.40 10.10 0.8 9.7  11 0.4 

11 0.00 10.10 0.4 9.7 10.1   
7 -0.40 10.10 0 9.7 9.7   
 -0.60 10.10 -0.2 9.7  1 0.4 
1 -1.00 10.10 -0.6 9.7 9.1   
6 -3.00 10.10 -2.6 9.7 7.1   
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Appendix 9 
 
Calculation of fluence 
 
Table 1 Calculation of fluence. 
 

Test ID 
Focal plane 

position, mm 
Laser power, 

W 
Pulse, ms Pulse energy, J BCA, mm2 Fluence, J mm-2 

1 3.0 139 10 1.39 0.2091 6.63 
2 3.0 139 40 5.54 0.2091 26.51 
3 3.0 139 90 12.47 0.2091 59.64 
4 2.0 144 10 1.44 0.0962 15.02 
5 2.0 144 40 5.78 0.0962 60.07 
6 2.0 144 90 13.00 0.0962 135.17 
7 1.0 139 10 1.39 0.0483 28.69 
8 1.0 139 40 5.54 0.0483 114.75 
9 1.0 139 90 12.47 0.0483 258.20 
10 0.0 142 10 1.42 0.0148 95.83 
11 0.0 142 40 5.68 0.0148 383.34 
12 0.0 142 90 12.78 0.0148 862.51 
13 -1.0 140 10 1.40 0.0167 84.23 
14 -1.0 140 40 5.61 0.0167 336.90 
15 -1.0 140 90 12.62 0.0167 758.03 
16 3.4 264 10 2.64 0.1995 13.26 
17 3.4 264 40 10.58 0.1995 53.03 
18 3.4 264 90 23.80 0.1995 119.31 
19 2.4 266 10 2.66 0.1182 22.51 
20 2.4 266 40 10.65 0.1182 90.05 
21 2.4 266 90 23.96 0.1182 202.61 
22 1.4 264 10 2.64 0.0556 47.59 
23 1.4 264 40 10.58 0.0556 190.37 
24 1.4 264 90 23.80 0.0556 428.34 
25 0.4 266 10 2.66 0.0207 128.47 
26 0.4 266 40 10.65 0.0207 513.89 
27 0.4 266 90 23.96 0.0207 1156.25 
28 -0.6 268 10 2.68 0.0172 155.88 
29 -0.6 268 40 10.71 0.0172 623.53 
30 -0.6 268 90 24.11 0.0172 1402.94 
31 3.5 384 10 3.84 0.1979 19.38 
32 3.5 384 40 15.35 0.1979 77.53 
33 3.5 384 90 34.53 0.1979 174.44 
34 2.5 387 10 3.87 0.1018 38.02 
35 2.5 387 40 15.48 0.1018 152.09 
36 2.5 387 90 34.83 0.1018 342.19 
37 1.5 384 10 3.84 0.0460 83.40 
38 1.5 384 40 15.35 0.0460 333.62 
39 1.5 384 90 34.53 0.0460 750.64 
40 0.5 384 10 3.84 0.0152 253.15 
41 0.5 384 40 15.35 0.0152 1012.61 
42 0.5 384 90 34.53 0.0152 2278.36 
43 -0.5 386 10 3.86 0.0176 219.99 
44 -0.5 386 40 15.45 0.0176 879.96 
45 -0.5 386 90 34.75 0.0176 1979.90 
46 3.8 494 10 4.94 0.1932 25.58 
47 3.8 494 40 19.77 0.1932 102.33 
48 3.8 494 90 44.49 0.1932 230.25 
49 2.8 494 10 4.94 0.1018 48.56 
50 2.8 494 40 19.77 0.1018 194.26 
51 2.8 494 90 44.49 0.1018 437.08 
52 1.8 494 10 4.94 0.0437 113.01 
53 1.8 494 40 19.77 0.0437 452.02 
54 1.8 494 90 44.49 0.0437 1017.05 
55 0.8 503 10 5.03 0.0149 338.03 
56 0.8 503 40 20.11 0.0149 1352.13 
57 0.8 503 90 45.25 0.0149 3042.29 
58 -0.2 503 10 5.03 0.0198 254.27 
59 -0.2 503 40 20.11 0.0198 1017.08 
60 -0.2 503 90 45.25 0.0198 2288.42 
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Appendix 10 
 
Example of spectrometer measurement 
 
Laser power 503 W – Focal plane position -1 mm – Pulse length 90 ms 

 

 
Figure 1. Intensity of emitted radiation as function of wavelength and time.  
 

 
Figure 2. Intensity of emitted radiation as function of wavelength and time.  
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Figure 3. Intensity of emitted radiation as function of wavelength. 
 

 
Figure 4. Intensity of emitted radiation as function of wavelength and time.  
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Appendix 11 
 
Example of pyrometer measurement 
 
Laser power 503 W – Focal plane position -1 mm – Pulse length 90 ms 
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Figure 1. Interaction temperature as function of time. 
 



  Appendix 12            1(4)

 
               
                                 

Appendix 12 
 
Example of calculation of DP/IP analysis 
 
As a example table 1 shows numerical data of fluence vs. ΔHAZ. 
 
Table 1 Fluence vs. ΔHAZ. 
 

1 0,60 138,58 10,00 83,67 0,18 0,13 0,05 42,45 0,182              0,128               0,054          42,59 -0,13

2 0,60 138,58 40,00 334,68 0,24 0,16 0,07 46,01 0,232              0,160               0,072          44,86 1,15

3 0,60 138,58 90,00 753,03 0,28 0,20 0,08 42,54 0,281              0,198               0,084          42,43 0,12

4 -0,40 144,50 10,00 97,54 0,15 0,07 0,08 108,45 0,105              0,068               0,037          55,01 53,43

5 -0,40 144,50 40,00 390,15 0,28 0,16 0,12 74,45 0,230              0,155               0,075          48,12 26,33

6 -0,40 144,50 90,00 877,83 0,38 0,20 0,18 90,95 0,275              0,196               0,080          40,72 50,23

7 -1,40 138,58 10,00 28,69 0,12 0,07 0,05 63,36 0,103              0,070               0,033          46,30 17,06

8 -1,40 138,58 40,00 114,75 0,35 0,17 0,18 108,89 0,217              0,153               0,064          42,05 66,83

9 -1,40 138,58 90,00 258,20 0,43 0,28 0,15 55,26 0,362              0,266               0,096          36,04 19,22

10 -2,40 141,96 10,00 14,76 0,24 0,17 0,07 42,47 0,224              0,165               0,058          35,35 7,13

11 -2,40 141,96 40,00 59,02 0,44 0,22 0,22 96,06 0,307              0,227               0,080          35,36 60,70

12 -2,40 141,96 90,00 132,80 0,45 0,29 0,16 55,33 0,364              0,284               0,080          28,25 27,08

13 -3,40 140,27 10,00 6,71 0,33 0,24 0,09 39,39 0,309              0,237               0,072          30,43 8,96

14 -3,40 140,27 40,00 26,83 0,54 0,33 0,21 63,75 0,402              0,317               0,085          26,78 36,97

15 -3,40 140,27 90,00 60,37 0,49 0,29 0,20 70,39 0,382              0,290               0,091          31,42 38,97

16 0,60 264,49 10,00 153,91 0,27 0,14 0,12 85,53 0,208              0,144               0,065          45,15 40,39

17 0,60 264,49 40,00 615,66 0,35 0,23 0,12 53,23 0,316              0,223               0,093          41,77 11,47

18 0,60 264,49 90,00 1385,23 0,43 0,29 0,14 50,16 0,413              0,288               0,125          43,48 6,68

19 -0,40 266,18 10,00 128,50 0,25 0,11 0,14 126,91 0,158              0,103               0,055          53,56 73,35

20 -0,40 266,18 40,00 514,00 0,43 0,23 0,20 84,94 0,321              0,230               0,091          39,56 45,38

21 -0,40 266,18 90,00 1156,51 0,47 0,32 0,15 47,84 0,428              0,319               0,109          34,04 13,80

22 -1,40 264,49 10,00 47,59 0,29 0,11 0,18 159,48 0,163              0,102               0,060          59,06 100,42

23 -1,40 264,49 40,00 190,37 0,48 0,29 0,20 68,89 0,360              0,281               0,079          28,23 40,66

24 -1,40 264,49 90,00 428,34 0,65 0,33 0,31 93,10 0,424              0,331               0,093          28,19 64,91

25 -2,40 266,18 10,00 22,51 0,41 0,21 0,20 91,56 0,271              0,204               0,067          32,69 58,87

26 -2,40 266,18 40,00 90,05 0,66 0,44 0,22 51,09 0,544              0,435               0,110          25,23 25,86

27 -2,40 266,18 90,00 202,61 0,66 0,49 0,17 34,40 0,593              0,490               0,102          20,88 13,52

28 -3,40 267,87 10,00 22,65 0,24 0,12 0,12 101,51 0,171              0,118               0,053          45,04 56,48

29 -3,40 267,87 40,00 90,62 0,45 0,25 0,20 78,97 0,343              0,252               0,090          35,86 43,11

30 -3,40 267,87 90,00 203,89 0,57 0,39 0,18 45,80 0,472              0,377               0,095          25,06 20,74

31 0,80 383,63 10,00 218,54 0,37 0,16 0,21 124,94 0,240              0,161               0,079          48,85 76,08

32 0,80 383,63 40,00 874,18 0,47 0,26 0,21 80,76 0,361              0,269               0,092          34,20 46,56

33 0,80 383,63 90,00 1966,90 0,51 0,35 0,16 45,52 0,464              0,356               0,108          30,47 15,05

34 -0,20 387,01 10,00 255,77 0,25 0,13 0,13 99,90 0,183              0,121               0,062          50,97 48,93

35 -0,20 387,01 40,00 1023,09 0,60 0,32 0,28 86,09 0,418              0,317               0,101          31,77 54,32

36 -0,20 387,01 90,00 2301,95 0,72 0,44 0,28 64,38 0,576              0,447               0,128          28,64 35,74

37 -1,20 383,63 10,00 83,40 0,27 0,11 0,15 133,34 0,158              0,116               0,042          36,40 96,94

38 -1,20 383,63 40,00 333,62 0,55 0,25 0,30 118,34 0,333              0,258               0,075          29,28 89,06

39 -1,20 383,63 90,00 750,64 0,85 0,48 0,36 75,31 0,581              0,452               0,129          28,53 46,79

40 -2,20 383,63 10,00 37,69 0,54 0,23 0,30 128,35 0,320              0,245               0,076          30,85 97,50

41 -2,20 383,63 40,00 150,76 0,67 0,45 0,23 50,95 0,548              0,434               0,113          26,11 24,83

42 -2,20 383,63 90,00 339,20 1,02 0,57 0,44 77,29 0,727              0,593               0,134          22,57 54,73

43 -3,20 386,17 10,00 19,51 0,48 0,21 0,27 126,97 0,290              0,205               0,085          41,33 85,65

44 -3,20 386,17 40,00 78,04 0,65 0,36 0,29 79,67 0,443              0,363               0,080          21,91 57,76

45 -3,20 386,17 90,00 175,60 0,86 0,51 0,35 69,66 0,625              0,507               0,118          23,22 46,44

46 1,00 494,33 10,00 250,00 0,41 0,19 0,21 108,05 0,252              0,192               0,061          31,76 76,28

47 1,00 494,33 40,00 999,98 0,33 0,28 0,05 18,85 0,381              0,284               0,096          33,91 -15,06

48 1,00 494,33 90,00 2249,96 0,41 0,34 0,08 22,72 0,451              0,340               0,111          32,73 -10,01

49 0,00 494,33 10,00 332,42 0,42 0,18 0,24 130,10 0,243              0,172               0,071          41,48 88,62

50 0,00 494,33 40,00 1329,68 0,61 0,35 0,26 73,19 0,437              0,337               0,100          29,69 43,50

51 0,00 494,33 90,00 2991,77 0,69 0,48 0,22 45,40 0,584              0,486               0,098          20,13 25,27

52 -1,00 494,33 10,00 113,01 0,41 0,20 0,21 105,82 0,272              0,194               0,078          40,51 65,31

53 -1,00 494,33 40,00 452,02 0,83 0,37 0,46 125,24 0,460              0,352               0,108          30,62 94,63

54 -1,00 494,33 90,00 1017,05 0,96 0,64 0,32 50,84 0,755              0,608               0,147          24,23 26,60

55 -2,00 502,78 10,00 49,39 0,71 0,37 0,34 92,47 0,412              0,347               0,065          18,63 73,84

56 -2,00 502,78 40,00 197,58 0,93 0,59 0,34 57,50 0,671              0,569               0,102          17,89 39,61

57 -2,00 502,78 90,00 444,55 1,34 0,69 0,64 92,83 0,849              0,728               0,120          16,53 76,29

58 -3,00 502,78 10,00 26,02 0,39 0,15 0,25 168,20 0,206              0,145               0,061          42,13 126,08

59 -3,00 502,78 40,00 104,08 0,77 0,43 0,34 79,28 0,525              0,359               0,167          46,48 32,80

60 -3,00 502,78 90,00 234,19 1,30 0,65 0,66 101,27 0,826              0,682               0,144          21,06 80,20

Test ID

Bottom side of cellulose sample

∆HAZ, %
Fluence, 

J/mm
2Pulse, ms

Laser 
power, W

Focal plane 
position, mm

Inner area of 

HAZ, mm
2
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HAZ, mm
2 HAZ, %

Outer area of 
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2
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2
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Figure 1 shows fluence as function of average laser power vs. ΔHAZ. 
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Figure 1. Fluence as function of average laser power vs. ΔHAZ  
 
Figure 2 shows fluence as function of pulse length vs. ΔHAZ.  
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Figure 2. Fluence as function of pulse length vs. ΔHAZ.  
 
Figure 3 introduces fluence as function of average focal plane position vs. ΔHAZ.  
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y = -0,2047x + 36,204
R² = 0,2052

y = -0,0885x + 59,389
R² = 0,323

y = -0,0276x + 69,478
R² = 0,0754
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R² = 0,0035

y = -0,0018x + 54,337
R² = 0,0017
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Figure 3. Fluence as function of average focal plane position vs. ΔHAZ.  
 
As from figure 1-3 can be seen, equations of fitted linear lines in figure 1-3 are as table 2 shows. 
 
Table 2 Equations of fitted linear lines in figure 1-3. 
 

 ΔHAZ 

Fluence 
as 

function 
of 

Average 
laser 

power 

141 W y = 0.0232 x + 22.64 
266 W y = -0.0235 x + 49.105 
385 W y = -0.0091 x + 63.62 
498 W y = 0.0053 x + 51.062 

Pulse 
length 

10 ms y = 0.1514 x + 47.48 
40 ms y = 0.0079 x + 38.181 
90 ms y = 0.0189 x + 15.651 

Average 
focal 
plane 

position 

3.4 mm y = -0.2047 x + 36.204 
2.4 mm y = -0.0885 x + 59.389 
1.4 mm y = -0.0276 x + 69.478 
0.4 mm y = 0.0022 x + 44.802 
-0.6 mm y = -0.0018 x + 54.337 

  
When equations in table 2 are marked as function 
 
 y = f (x) 
 
And x = 0 is calculated, then f(0) represented in table 3 are achieved. 
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Table 3 f(0) calculated for equations is table 1. 
 

 
Maximum 

temperature 
f(0) 

Fluence 
as 

function 
of 

Average 
laser 

power 

141 W 22.624 
266 W 49.105 
385 W 63.620 
498 W 51.062 

Pulse 
length 

10 ms 47.480 
40 ms 38.181 
90 ms 15.651 

Average 
focal 
plane 

position 

3.4 mm 36.204
2.4 mm 59.389
1.4 mm 69.478 
0.4 mm 44.802 
-0.6 mm 54.337 

 
Table 4 shows the system of marking direct proportionality/inverse proportionality. 
 
Table 4 Marking of direct proportionality/inverse proportionality. 
 

Proportionality Sign
Direct proportionality  
Inverse proportionality  

No proportionality * 
 
When fluence as function of average laser power vs. ΔHAZ, is now considered, it can be seen from 
figure 1 and table 2 that ΔHAZ is directly proportional to average laser power. This is why it gets 
mark  which means direct proportionality (as table 4 shows). 
  
When fluence as function of pulse length vs. ΔHAZ is examined, it can be seen from figure 2 and 
table 2, that ΔHAZ is inversely proportional to pulse length. This is why it gets mark  which means 
inverse proportionality (as table 4 shows). 
  
When fluence as fluence as function of average focal plane position vs. ΔHAZ is studied, it can be 
seen from figure 3 and table 2, that ΔHAZ is not at all proportional to average focal plane position. 
This is why it gets mark * which means no proportionality (as table 4 shows). 
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Appendix 13 
 
Example of calculation of dependence analysis 
 
As a example table 1 shows numerical data of fluence vs. hole area. 
 
Table 1 Fluence vs. hole area. 
 

1 3,0 139 10 83,67 0,13

2 3,0 139 40 334,68 0,16

3 3,0 139 90 753,03 0,20

4 2,0 144 10 97,54 0,07

5 2,0 144 40 390,15 0,16

6 2,0 144 90 877,83 0,20

7 1,0 139 10 28,69 0,07

8 1,0 139 40 114,75 0,17

9 1,0 139 90 258,20 0,28

10 0,0 142 10 14,76 0,17

11 0,0 142 40 59,02 0,22

12 0,0 142 90 132,80 0,29

13 -1,0 140 10 6,71 0,24

14 -1,0 140 40 26,83 0,33

15 -1,0 140 90 60,37 0,29

16 3,4 264 10 153,91 0,14

17 3,4 264 40 615,66 0,23

18 3,4 264 90 1385,23 0,29

19 2,4 266 10 128,50 0,11

20 2,4 266 40 514,00 0,23

21 2,4 266 90 1156,51 0,32

22 1,4 264 10 47,59 0,11

23 1,4 264 40 190,37 0,29

24 1,4 264 90 428,34 0,33

25 0,4 266 10 22,51 0,21

26 0,4 266 40 90,05 0,44

27 0,4 266 90 202,61 0,49

28 -0,6 268 10 22,65 0,12

29 -0,6 268 40 90,62 0,25

30 -0,6 268 90 203,89 0,39

31 3,5 384 10 218,54 0,16

32 3,5 384 40 874,18 0,26

33 3,5 384 90 1966,90 0,35

34 2,5 387 10 255,77 0,13

35 2,5 387 40 1023,09 0,32

36 2,5 387 90 2301,95 0,44

37 1,5 384 10 83,40 0,11

38 1,5 384 40 333,62 0,25

39 1,5 384 90 750,64 0,48

40 0,5 384 10 37,69 0,23

41 0,5 384 40 150,76 0,45

42 0,5 384 90 339,20 0,57

43 -0,5 386 10 19,51 0,21

44 -0,5 386 40 78,04 0,36

45 -0,5 386 90 175,60 0,51

46 3,8 494 10 250,00 0,19

47 3,8 494 40 999,98 0,28

48 3,8 494 90 2249,96 0,34

49 2,8 494 10 332,42 0,18

50 2,8 494 40 1329,68 0,35

51 2,8 494 90 2991,77 0,48

52 1,8 494 10 113,01 0,20

53 1,8 494 40 452,02 0,37

54 1,8 494 90 1017,05 0,64

55 0,8 503 10 49,39 0,37

56 0,8 503 40 197,58 0,59

57 0,8 503 90 444,55 0,69

58 -0,2 503 10 26,02 0,15

59 -0,2 503 40 104,08 0,43

60 -0,2 503 90 234,19 0,65

Hole area, mm
2Test ID

Focal plane 
position, mm

Laser 
power, W

Pulse, ms
Fluence, 

J/mm
2
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Figure 1 shows fluence vs. hole area. 
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Figure 1. Fluence vs. hole area. 
 
As from figure 1 can be seen, equation of fitted linear line of fluence vs. hole area is  
 
 y = 0.0002 x + 0.2046 
 
When this is marked as function, 
 
 y = f (x) 
 
It can be derivated, 
 
 f´(x) = 0.0002 
 
From table 42.9, it can be concluded that dependence of fluence vs. hole area is increasing so it is 
marked . 
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Appendix 14 
 
Example of calculation of defining frequency distribution 
 
As a example table 1 shows results of hole areas with corresponding parameters arranged to 
increasing order of appearance and divided to class intervals. 
 
Table 1  Hole areas with corresponding parameters arranged to increasing order of appearance 

and divided to class intervals. 
 

0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 

-0,40 1 144,50 10,00 97,54 0,07 0,13

-1,40 2 138,58 10,00 28,69 0,07 0,07

-0,40 3 266,18 10,00 128,50 0,11 0,07

-1,40 4 264,49 10,00 47,59 0,11 0,11

-1,20 5 383,63 10,00 83,40 0,11 0,11

-3,40 6 267,87 10,00 22,65 0,12 0,11

-0,20 7 387,01 10,00 255,77 0,13 0,12

0,60 8 138,58 10,00 83,67 0,13 0,13

0,60 9 264,49 10,00 153,91 0,14 0,14

-3,00 10 502,78 10,00 26,02 0,15 0,15

-0,40 11 144,50 40,00 390,15 0,16 0,16

0,60 12 138,58 40,00 334,68 0,16 0,16

0,80 13 383,63 10,00 218,54 0,16 0,16

-1,40 14 138,58 40,00 114,75 0,17 0,17

-2,40 15 141,96 10,00 14,76 0,17 0,17

0,00 16 494,33 10,00 332,42 0,18 0,18

1,00 17 494,33 10,00 250,00 0,19 0,19

-0,40 18 144,50 90,00 877,83 0,20 0,20

-1,00 19 494,33 10,00 113,01 0,20 0,20

0,60 20 138,58 90,00 753,03 0,20 0,20

-3,20 21 386,17 10,00 19,51 0,21 0,21

-2,40 22 266,18 10,00 22,51 0,21 0,21

-2,40 23 141,96 40,00 59,02 0,22 0,22

0,60 24 264,49 40,00 615,66 0,23 0,23

-0,40 25 266,18 40,00 514,00 0,23 0,23

-2,20 26 383,63 10,00 37,69 0,23 0,23

-3,40 27 140,27 10,00 6,71 0,24 0,24

-3,40 28 267,87 40,00 90,62 0,25 0,25

-1,20 29 383,63 40,00 333,62 0,25 0,25

0,80 30 383,63 40,00 874,18 0,26 0,26

-1,40 31 138,58 90,00 258,20 0,28 0,28

1,00 32 494,33 40,00 999,98 0,28 0,28

-1,40 33 264,49 40,00 190,37 0,29 0,29

0,60 34 264,49 90,00 1385,23 0,29 0,29

-2,40 35 141,96 90,00 132,80 0,29 0,29

-3,40 36 140,27 90,00 60,37 0,29 0,29

-0,40 37 266,18 90,00 1156,51 0,32 0,32

-0,20 38 387,01 40,00 1023,09 0,32 0,32

-3,40 39 140,27 40,00 26,83 0,33 0,33

-1,40 40 264,49 90,00 428,34 0,33 0,33

1,00 41 494,33 90,00 2249,96 0,34 0,34

0,80 42 383,63 90,00 1966,90 0,35 0,35

0,00 43 494,33 40,00 1329,68 0,35 0,35

-3,20 44 386,17 40,00 78,04 0,36 0,36

-2,00 45 502,78 10,00 49,39 0,37 0,37

-1,00 46 494,33 40,00 452,02 0,37 0,37

-3,40 47 267,87 90,00 203,89 0,39 0,39

-3,00 48 502,78 40,00 104,08 0,43 0,43

-2,40 49 266,18 40,00 90,05 0,44 0,44

-0,20 50 387,01 90,00 2301,95 0,44 0,44

-2,20 51 383,63 40,00 150,76 0,45 0,45

0,00 52 494,33 90,00 2991,77 0,48 0,48

-1,20 53 383,63 90,00 750,64 0,48 0,48

-2,40 54 266,18 90,00 202,61 0,49 0,49

-3,20 55 386,17 90,00 175,60 0,51 0,51

-2,20 56 383,63 90,00 339,20 0,57 0,57

-2,00 57 502,78 40,00 197,58 0,59 0,59

-1,00 58 494,33 90,00 1017,05 0,64 0,64

-3,00 59 502,78 90,00 234,19 0,65 0,65

-2,00 60 502,78 90,00 444,55 0,69 0,69

Focal plane 
position, mm

Class intervals of hole areas, mm
2Hole area, 

mm
2

Fluence, 

J/mm
2

Pulse, 
ms

Laser 
power, W

Number of 
increasing order
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Table 2 shows frequencies and relative frequencies calculated from table 1. 
 
Table 2   Frequencies and relative frequencies calculated from table 1. 
 

 Class intervals of average 

hole areas, mm
2 Frequency, -

Relative 
frequency, -

0-0,1 2,00 0,03

0,1-0,2 18,00 0,30

0,2-0,3 16,00 0,27
0,3-0,4 11,00 0,18
0,4-0,5 7,00 0,12
0,5-0,6 3,00 0,05
0,6-0,7 3,00 0,05
SUM 60,00 1,00  

 
Histogram i.e. frequency distribution of table 2 is shown in figure 1. Relative frequencies are taken 
into account. 
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Figure 1.   Frequency distribution of table 2 is shown in figure 1. Relative frequencies are taken 

into account. 
 
As it can be seen from figure 1, this frequency distribution obeys shape of normal distribution so 
definition of minimum, median and maximum range can be executed for this series. 
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Appendix 15 
 
Example of calculation of defining minimum range, median range and maximum range 
 
Table 1 shows how minimum, maximum and median ranges of hole area are calculated. 
 
Table 1   Definition of minimum, maximum and median range and corresponding calculations. 

 

9 0,145

10 0,147
Maximum range 85th 0,85 x 60 =51 51 0,446

52 0,477

Median range
45th 

percentile
0,45 x 60 =27 27 0,240

28 0,251
55th 

percentile
0,55 x 60 =33 33 0,287

34 0,288

(0,55 x 0,287)+(0,45 x 0,288)= 0,287 0,287

0,246(0,45 x 0,240)+(0,55 x 0,251)= 0,246

(0,85 x 0,446)+(0,15 x 0,477)= 0,451 0,451

All values between   

0.246 ≤ A ≤ 0.287 mm
2 

belong to 45th -55th 
percentile

All values ≥ 0.451 mm
2 

belong to 85 th 

Hole area, mm
2 Comment

Minimum range
15th 

percentile
0,15 x 60 =9 (0,15 x 0,145)+(0,85 x 0,147)= 0,146 0,146 All values ≤ 0.146 mm

2 

belong to 15 th 

Definition Percentile Calculation
Number of 

incresing order Hole area, mm
2 Calculation

 
 
Table 2 shows how minimum, maximum and median ranges are ranked according to calculations of 
table 1. 
 
Table 2   Minimum, maximum and median range ranked from table 1. 
 

2,0 1 144 10 15,02 0,07

1,0 2 139 10 28,69 0,07

2,4 3 266 10 22,51 0,11

1,4 4 264 10 47,59 0,11

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2

Hole area, 

mm
2

1,5 29 384 40 333,62 0,25

3,5 30 384 40 77,53 0,26

1,4 33 264 40 190,37 0,29

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2

Hole area, 

mm
2

0,8 57 503 40 1352,13 0,59

1,8 58 494 90 1017,05 0,64

0,8 60 503 90 3042,29 0,69

Median range of hole area

Maximum range of hole area

Minimum range of hole area

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2

Hole area, 

mm
2
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Appendix 16 
 
Example of calculation of defining BHR100 limit fluence 
 
As an example figure 1 represents fluence vs. BHR100. 

y = -27,27ln(x) + 186,02
R² = 0,709

0
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Figure 1. Fluence vs. BHR100. 
 
Table 1 shows calculation of f`(x) of fluence vs. BHR100. 
 
Table 1   Hole areas with corresponding parameters arranged to increasing order of appearance 

and divided to class intervals. 
 

BHR100 
f (x) f´(x) 

f(x) = -27.27 ln x + 186.02 
f´(x) = -27.27 

             x 

 
As an example figure 2 illustrates f´(x) of fluence vs. BHR100. 
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Figure 2. f´(x) of fluence vs. BHR100. 
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As figure 2 can be seen x approaches value -0.1, when fluence approaches 300 J mm-2. Table 2 
presents values more closely around 300 J mm-2. 
 
Table 2  Detailed inspection of f´(x) values around x = 300 J mm-2. 
 

x f´(x) 
270 -0.1010 
271 -0.1006 
272 -0.1003 
273 -0.0999 
274 -0.0995 
275 -0.0992 
276 -0.0988 
277 -0.0984 
278 -0.0981 
279 -0.0977 

 
Table 2 reveals that BHR100 limit fluence is 273 J mm-2. 
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Appendix 17 
 
Visual evaluation of quality of micrographs and images 
 
Active illumination imaging system 
 

Overall quality 
Very bad  Very good 

1 2 3 4 5 

 

 

 
Size 

Very small  Very big 
1 2 3 4 5 

 

 

 
Roundness 

Not round  Very round 
1 2 3 4 5 

 

 

 
Conicality 

Not concave  Very concave 
1 2 3 4 5 

 

 

 
HAZ 

Not HAZ  Large HAZ 
1 2 3 4 5 

 

 

 
Blackness 

Not black  Very black 
1 2 3 4 5 
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Macrographs 
 

Overall quality 
Very bad  Very good 

1 2 3 4 5 

 

 

 
Size 

Very small  Very big 
1 2 3 4 5 

 

 

 
Roundness 

Not round  Very round 
1 2 3 4 5 

 

 

 
Conicality 

Not concave  Very concave 
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HAZ 

Not HAZ  Large HAZ 
1 2 3 4 5 

 

 

 
Blackness 

Not black  Very black 
1 2 3 4 5 
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Micrographs 
 

Overall quality 
Very bad  Very good 

1 2 3 4 5 

 

 

 
Size

Very small  Very big 
1 2 3 4 5 

 

 

 
Roundness 

Not round  Very round 
1 2 3 4 5 

 

 

 
Conicality 

Not concave  Very concave 
1 2 3 4 5 

 

 

 
HAZ 

Not HAZ  Large HAZ 
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Blackness 

Not black  Very black 
1 2 3 4 5 
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Appendix 18 
 
Numerical data of I-I and I-O parameters 
 
Table 1 Fluence vs. maximum spectral intensity. 
 

Test ID Focal plane position, mm Laser power, W Pulse, ms Fluence, J mm-2 Maximum spectral intensity, Au 
1 3.0 139 10 6.63 N/A 
2 3.0 139 40 26.51 N/A 
3 3.0 139 90 59.64 1001.00 
4 2.0 144 10 15.02 N/A 
5 2.0 144 40 60.07 N/A 
6 2.0 144 90 135.17 N/A 
7 1.0 139 10 28.69 N/A 
8 1.0 139 40 114.75 N/A 
9 1.0 139 90 258.20 N/A 
10 0.0 142 10 95.83 N/A 
11 0.0 142 40 383.34 1038.00 
12 0.0 142 90 862.51 N/A 
13 -1.0 140 10 84.23 N/A 
14 -1.0 140 40 336.90 969.50 
15 -1.0 140 90 758.03 N/A 
16 3.4 264 10 13.26 1045.75 
17 3.4 264 40 53.03 1033.25 
18 3.4 264 90 119.31 1011.25 
19 2.4 266 10 22.51 N/A 
20 2.4 266 40 90.05 N/A 
21 2.4 266 90 202.61 985.00 
22 1.4 264 10 47.59 N/A 
23 1.4 264 40 190.37 N/A 
24 1.4 264 90 428.34 N/A 
25 0.4 266 10 128.47 1013.25 
26 0.4 266 40 513.89 1034.00 
27 0.4 266 90 1156.25 1039.25 
28 -0.6 268 10 155.88 N/A 
29 -0.6 268 40 623.53 N/A 
30 -0.6 268 90 1402.94 992.00 
31 3.5 384 10 19.38 1076.50 
32 3.5 384 40 77.53 806.75 
33 3.5 384 90 174.44 1038.25 
34 2.5 387 10 38.02 N/A 
35 2.5 387 40 152.09 N/A 
36 2.5 387 90 342.19 993.00 
37 1.5 384 10 83.40 959.00 
38 1.5 384 40 333.62 N/A 
39 1.5 384 90 750.64 1010.67 
40 0.5 384 10 253.15 1166.75 
41 0.5 384 40 1012.61 1075.50 
42 0.5 384 90 2278.36 1134.75 
43 -0.5 386 10 219.99 999.00 
44 -0.5 386 40 879.96 1023.00 
45 -0.5 386 90 1979.90 1023.00 
46 3.8 494 10 25.58 1037.50 
47 3.8 494 40 102.33 1019.00 
48 3.8 494 90 230.25 1049.00 
49 2.8 494 10 48.56 1031.75 
50 2.8 494 40 194.26 1014.00 
51 2.8 494 90 437.08 1063.25 
52 1.8 494 10 113.01 1057.00 
53 1.8 494 40 452.02 1001.33 
54 1.8 494 90 1017.05 1330.25 
55 0.8 503 10 338.03 1161.50 
56 0.8 503 40 1352.13 1141.25 
57 0.8 503 90 3042.29 1247.25 
58 -0.2 503 10 254.27 997.00 
59 -0.2 503 40 1017.08 1070.50 
60 -0.2 503 90 2288.42 1134.50 

No measurement results: N/A 
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Table 2 Fluence vs. maximum temperature. 
 

Test ID Focal plane position, mm Laser power, W Pulse. ms Pulse energy, J 
Fluence, 
J mm-2 

Maximum temperature, °C 

1 3.0 139 10 1.39 6.63 N/A 
2 3.0 139 40 5.54 26.51 521.00 
3 3.0 139 90 12.47 59.64 N/A 
4 2.0 144 10 1.44 15.02 N/A 
5 2.0 144 40 5.78 60.07 N/A 
6 2.0 144 90 13.00 135.17 N/A 
7 1.0 139 10 1.39 28.69 N/A 
8 1.0 139 40 5.54 114.75 N/A 
9 1.0 139 90 12.47 258.20 N/A 
10 0.0 142 10 1.42 95.83 N/A 
11 0.0 142 40 5.68 383.34 N/A 
12 0.0 142 90 12.78 862.51 501.00 
13 -1.0 140 10 1.40 84.23 N/A 
14 -1.0 140 40 5.61 336.90 513.00 
15 -1.0 140 90 12.62 758.03 N/A 
16 3.4 264 10 2.64 13.26 590.00 
17 3.4 264 40 10.58 53.03 N/A 
18 3.4 264 90 23.80 119.31 N/A 
19 2.4 266 10 2.66 22.51 N/A 
20 2.4 266 40 10.65 90.05 N/A 
21 2.4 266 90 23.96 202.61 N/A 
22 1.4 264 10 2.64 47.59 N/A 
23 1.4 264 40 10.58 190.37 N/A 
24 1.4 264 90 23.80 428.34 N/A 
25 0.4 266 10 2.66 128.47 585.00 
26 0.4 266 40 10.65 513.89 577.75 
27 0.4 266 90 23.96 1156.25 632.25 
28 -0.6 268 10 2.68 155.88 N/A 
29 -0.6 268 40 10.71 623.53 N/A 
30 -0.6 268 90 24.11 1402.94 N/A 
31 3.5 384 10 3.84 19.38 N/A 
32 3.5 384 40 15.35 77.53 519.00 
33 3.5 384 90 34.53 174.44 N/A 
34 2.5 387 10 3.87 38.02 N/A 
35 2.5 387 40 15.48 152.09 N/A 
36 2.5 387 90 34.83 342.19 N/A 
37 1.5 384 10 3.84 83.40 N/A 
38 1.5 384 40 15.35 333.62 N/A 
39 1.5 384 90 34.53 750.64 563.00 
40 0.5 384 10 3.84 253.15 543.00 
41 0.5 384 40 15.35 1012.61 553.00 
42 0.5 384 90 34.53 2278.36 577.75 
43 -0.5 386 10 3.86 219.99 517.00 
44 -0.5 386 40 15.45 879.96 N/A 
45 -0.5 386 90 34.75 1979.90 N/A 
46 3.8 494 10 4.94 25.58 N/A 
47 3.8 494 40 19.77 102.33 N/A 
48 3.8 494 90 44.49 230.25 N/A 
49 2.8 494 10 4.94 48.56 N/A 
50 2.8 494 40 19.77 194.26 N/A 
51 2.8 494 90 44.49 437.08 792.75 
52 1.8 494 10 4.94 113.01 512.00 
53 1.8 494 40 19.77 452.02 526.00 
54 1.8 494 90 44.49 1017.05 997.50 
55 0.8 503 10 5.03 338.03 536.50 
56 0.8 503 40 20.11 1352.13 676.50 
57 0.8 503 90 45.25 3042.29 672.75 
58 -0.2 503 10 5.03 254.27 495.00 
59 -0.2 503 40 20.11 1017.08 492.00 
60 -0.2 503 90 45.25 2288.42 795.25 

No measurement results: N/A
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Appendix 19 
 
Analysis of I-I and I-O parameters 
 
Fluence vs. maximum spectral intensity  
 
Figure 1 shows fluence vs. maximum spectral intensity.  
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Figure 1. Fluence vs. maximum spectral intensity. 
 
Fluence as function of average laser power vs. maximum spectral intensity  
 
Figure 2 shows fluence as function of average laser power vs. maximum spectral intensity.  

y = 0,0349x + 993,75
R² = 0,0318

y = -0,0074x + 1022,5
R² = 0,0313

y = 0,0444x + 995,64
R² = 0,1364

y = 0,07x + 1039,4
R² = 0,4213

700

800

900

1000

1100

1200

1300

1400

0 500 1000 1500 2000 2500 3000 3500

M
ax

im
u

m
 s

p
ec

tr
al

 i
n

te
n

si
ty

, A
u

Fluence, J mm-2

Average laser power 141 W Average laser power 266 W

Average laser power 385 W Average laser power 498 W
 

Figure 2. Fluence as function of average laser power vs. maximum spectral intensity.  
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Fluence as function of pulse length vs. maximum spectral intensity  
 
Figure 3 represents fluence as function of pulse length vs. maximum spectral intensity.  
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Figure 3. Fluence as function of pulse length vs. maximum spectral intensity.  
 
Fluence as function of average focal plane position vs. maximum spectral intensity  
 
Figure 4 shows fluence as function of average focal plane position vs. maximum spectral intensity.  
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Figure 4. Fluence as function of average focal plane positions vs. maximum spectral intensity.  
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Fluence vs. maximum temperature  
 
Figure 5 presents fluence vs. maximum temperature.  
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Figure 5. Fluence vs. maximum temperature. 
 
Fluence as function of average laser power vs. maximum temperature  
 
Figure 6 shows fluence as function of average laser power vs. maximum temperature.  
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Figure 6. Fluence as function of average laser power vs. maximum temperature.  
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Fluence as function of pulse length vs. maximum temperature  
 
Figure 7 illustrates fluence as function of pulse length vs. maximum temperature. 
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Figure 7. Fluence as function of pulse length vs. maximum temperature.  
 
Effect of fluence to maximum temperature as function of average focal plane position 
 
Figure 8 illustrates the effect of fluence to maximum temperature as function of average focal plane 
position. 
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Figure 8. Fluence as function of average focal plane position vs. maximum temperature.  
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Appendix 20 
 
Numerical data of I-I and PI-O parameters 
 
Table 1 Effect of fluence to hole area. 
 

Test ID Focal plane position, mm Laser power, W Pulse, ms Fluence, J mm-2 Hole area, mm2 

1 3.0 139 10 6.63 0.129 
2 3.0 139 40 26.51 0.161 
3 3.0 139 90 59.64 0.200 
4 2.0 144 10 15.02 0.072 
5 2.0 144 40 60.07 0.159 
6 2.0 144 90 135.17 0.198 
7 1.0 139 10 28.69 0.072 
8 1.0 139 40 114.75 0.169 
9 1.0 139 90 258.20 0.277 

10 0.0 142 10 95.83 0.170 
11 0.0 142 40 383.34 0.225 
12 0.0 142 90 862.51 0.290 
13 -1.0 140 10 84.23 0.240 
14 -1.0 140 40 336.90 0.328 
15 -1.0 140 90 758.03 0.290 
16 3.4 264 10 13.26 0.145 
17 3.4 264 40 53.03 0.230 
18 3.4 264 90 119.31 0.288 
19 2.4 266 10 22.51 0.108 
20 2.4 266 40 90.05 0.234 
21 2.4 266 90 202.61 0.321 
22 1.4 264 10 47.59 0.113 
23 1.4 264 40 190.37 0.287 
24 1.4 264 90 428.34 0.334 
25 0.4 266 10 128.47 0.214 
26 0.4 266 40 513.89 0.435 
27 0.4 266 90 1156.25 0.490 
28 -0.6 268 10 155.88 0.118 
29 -0.6 268 40 623.53 0.251 
30 -0.6 268 90 1402.94 0.388 
31 3.5 384 10 19.38 0.165 
32 3.5 384 40 77.53 0.261 
33 3.5 384 90 174.44 0.351 
34 2.5 387 10 38.02 0.127 
35 2.5 387 40 152.09 0.324 
36 2.5 387 90 342.19 0.438 
37 1.5 384 10 83.40 0.114 
38 1.5 384 40 333.62 0.251 
39 1.5 384 90 750.64 0.484 
40 0.5 384 10 253.15 0.235 
41 0.5 384 40 1012.61 0.446 
42 0.5 384 90 2278.36 0.574 
43 -0.5 386 10 219.99 0.212 
44 -0.5 386 40 879.96 0.363 
45 -0.5 386 90 1979.90 0.505 
46 3.8 494 10 25.58 0.195 
47 3.8 494 40 102.33 0.282 
48 3.8 494 90 230.25 0.336 
49 2.8 494 10 48.56 0.182 
50 2.8 494 40 194.26 0.353 
51 2.8 494 90 437.08 0.477 
52 1.8 494 10 113.01 0.199 
53 1.8 494 40 452.02 0.369 
54 1.8 494 90 1017.05 0.635 
55 0.8 503 10 338.03 0.367 
56 0.8 503 40 1352.13 0.590 
57 0.8 503 90 3042.29 0.693 
58 -0.2 503 10 254.27 0.147 
59 -0.2 503 40 1017.08 0.432 
60 -0.2 503 90 2288.42 0.647 
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Table 2 Effect of fluence to HAZ. 
 

Test 
ID 

Focal plane 
position, mm 

Laser 
power, 

W 

Pulse, 
ms 

Fluence, 
J mm-2 

Top side of cellulose material 
Outer area 
of HAZ,  

mm2 

Inner area 
of HAZ, 

mm2 

Area of 
HAZ, mm2 

HAZ, %

1 3.0 139 10 6.63 0.184 0.129 0.055 42.45
2 3.0 139 40 26.51 0.236 0.161 0.074 46.01 
3 3.0 139 90 59.64 0.285 0.200 0.085 42.54 
4 2.0 144 10 15.02 0.149 0.072 0.078 108.45 
5 2.0 144 40 60.07 0.277 0.159 0.118 74.45 
6 2.0 144 90 135.17 0.377 0.198 0.180 90.95 
7 1.0 139 10 28.69 0.117 0.072 0.045 63.36 
8 1.0 139 40 114.75 0.354 0.169 0.184 108.89
9 1.0 139 90 258.20 0.430 0.277 0.153 55.26 

10 0.0 142 10 95.83 0.242 0.170 0.072 42.47 
11 0.0 142 40 383.34 0.441 0.225 0.216 96.06 
12 0.0 142 90 862.51 0.450 0.290 0.160 55.33 
13 -1.0 140 10 84.23 0.335 0.240 0.095 39.39 
14 -1.0 140 40 336.90 0.537 0.328 0.209 63.75 
15 -1.0 140 90 758.03 0.495 0.290 0.204 70.39 
16 3.4 264 10 13.26 0.269 0.145 0.124 85.53 
17 3.4 264 40 53.03 0.353 0.230 0.122 53.23 
18 3.4 264 90 119.31 0.432 0.288 0.144 50.16 
19 2.4 266 10 22.51 0.245 0.108 0.137 126.91 
20 2.4 266 40 90.05 0.433 0.234 0.199 84.94 
21 2.4 266 90 202.61 0.475 0.321 0.154 47.84 
22 1.4 264 10 47.59 0.293 0.113 0.180 159.48 
23 1.4 264 40 190.37 0.484 0.287 0.198 68.89 
24 1.4 264 90 428.34 0.645 0.334 0.311 93.10 
25 0.4 266 10 128.47 0.410 0.214 0.196 91.56 
26 0.4 266 40 513.89 0.658 0.435 0.222 51.09 
27 0.4 266 90 1156.25 0.658 0.490 0.168 34.40 
28 -0.6 268 10 155.88 0.237 0.118 0.119 101.51 
29 -0.6 268 40 623.53 0.449 0.251 0.198 78.97 
30 -0.6 268 90 1402.94 0.566 0.388 0.178 45.80 
31 3.5 384 10 19.38 0.371 0.165 0.206 124.94 
32 3.5 384 40 77.53 0.471 0.261 0.211 80.76 
33 3.5 384 90 174.44 0.511 0.351 0.160 45.52 
34 2.5 387 10 38.02 0.254 0.127 0.127 99.90
35 2.5 387 40 152.09 0.603 0.324 0.279 86.09 
36 2.5 387 90 342.19 0.720 0.438 0.282 64.38 
37 1.5 384 10 83.40 0.267 0.114 0.152 133.34 
38 1.5 384 40 333.62 0.549 0.251 0.298 118.34 
39 1.5 384 90 750.64 0.848 0.484 0.364 75.31 
40 0.5 384 10 253.15 0.536 0.235 0.301 128.35 
41 0.5 384 40 1012.61 0.674 0.446 0.227 50.95
42 0.5 384 90 2278.36 1.017 0.574 0.444 77.29 
43 -0.5 386 10 219.99 0.482 0.212 0.270 126.97 
44 -0.5 386 40 879.96 0.653 0.363 0.289 79.67 
45 -0.5 386 90 1979.90 0.857 0.505 0.352 69.66 
46 3.8 494 10 25.58 0.405 0.195 0.210 108.05 
47 3.8 494 40 102.33 0.335 0.282 0.053 18.85 
48 3.8 494 90 230.25 0.412 0.336 0.076 22.72 
49 2.8 494 10 48.56 0.419 0.182 0.237 130.10 
50 2.8 494 40 194.26 0.611 0.353 0.258 73.19 
51 2.8 494 90 437.08 0.693 0.477 0.217 45.40
52 1.8 494 10 113.01 0.410 0.199 0.211 105.82 
53 1.8 494 40 452.02 0.831 0.369 0.462 125.24 
54 1.8 494 90 1017.05 0.958 0.635 0.323 50.84 
55 0.8 503 10 338.03 0.707 0.367 0.340 92.47 
56 0.8 503 40 1352.13 0.929 0.590 0.339 57.50 
57 0.8 503 90 3042.29 1.336 0.693 0.643 92.83 
58 -0.2 503 10 254.27 0.393 0.147 0.247 168.20 
59 -0.2 503 40 1017.08 0.775 0.432 0.342 79.28 
60 -0.2 503 90 2288.42 1.302 0.647 0.655 101.27 
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Table 3 Effect of fluence to ∆HAZ. 
 

Test 
ID 

Focal 
plane 

position, 
mm 

Laser 
power, 

W 

Pulse, 
ms 

Fluence, 
J mm-2 

Top side of cellulose material Bottom side of cellulose material 

ΔHAZ, 
% 

Outer 
area 
of 

HAZ,  
mm2 

Inner 
area 
of 

HAZ, 
mm2 

Area 
of 

HAZ, 
mm2 

HAZ, 
% 

Outer 
area 
of 

HAZ,  
mm2 

Inner 
area 
of 

HAZ, 
mm2 

Area 
of 

HAZ, 
mm2 

HAZ, 
% 

1 3.0 139 10 6.63 0.184 0.129 0.055 42.45 0.182 0.128 0.054 42.59 -0.13 
2 3.0 139 40 26.51 0.236 0.161 0.074 46.01 0.232 0.160 0.072 44.86 1.15 
3 3.0 139 90 59.64 0.285 0.200 0.085 42.54 0.281 0.198 0.084 42.43 0.12 
4 2.0 144 10 15.02 0.149 0.072 0.078 108.45 0.105 0.068 0.037 55.01 53.43 
5 2.0 144 40 60.07 0.277 0.159 0.118 74.45 0.230 0.155 0.075 48.12 26.33 
6 2.0 144 90 135.17 0.377 0.198 0.180 90.95 0.275 0.196 0.080 40.72 50.23 
7 1.0 139 10 28.69 0.117 0.072 0.045 63.36 0.103 0.070 0.033 46.30 17.06 
8 1.0 139 40 114.75 0.354 0.169 0.184 108.89 0.217 0.153 0.064 42.05 66.83 
9 1.0 139 90 258.20 0.430 0.277 0.153 55.26 0.362 0.266 0.096 36.04 19.22 

10 0.0 142 10 95.83 0.242 0.170 0.072 42.47 0.224 0.165 0.058 35.35 7.13 
11 0.0 142 40 383.34 0.441 0.225 0.216 96.06 0.307 0.227 0.080 35.36 60.70 
12 0.0 142 90 862.51 0.450 0.290 0.160 55.33 0.364 0.284 0.080 28.25 27.08 
13 -1.0 140 10 84.23 0.335 0.240 0.095 39.39 0.309 0.237 0.072 30.43 8.96 
14 -1.0 140 40 336.90 0.537 0.328 0.209 63.75 0.402 0.317 0.085 26.78 36.97 
15 -1.0 140 90 758.03 0.495 0.290 0.204 70.39 0.382 0.290 0.091 31.42 38.97 
16 3.4 264 10 13.26 0.269 0.145 0.124 85.53 0.208 0.144 0.065 45.15 40.39 
17 3.4 264 40 53.03 0.353 0.230 0.122 53.23 0.316 0.223 0.093 41.77 11.47 
18 3.4 264 90 119.31 0.432 0.288 0.144 50.16 0.413 0.288 0.125 43.48 6.68 
19 2.4 266 10 22.51 0.245 0.108 0.137 126.91 0.158 0.103 0.055 53.56 73.35 
20 2.4 266 40 90.05 0.433 0.234 0.199 84.94 0.321 0.230 0.091 39.56 45.38 
21 2.4 266 90 202.61 0.475 0.321 0.154 47.84 0.428 0.319 0.109 34.04 13.80 
22 1.4 264 10 47.59 0.293 0.113 0.180 159.48 0.163 0.102 0.060 59.06 100.42 
23 1.4 264 40 190.37 0.484 0.287 0.198 68.89 0.360 0.281 0.079 28.23 40.66 
24 1.4 264 90 428.34 0.645 0.334 0.311 93.10 0.424 0.331 0.093 28.19 64.91 
25 0.4 266 10 128.47 0.410 0.214 0.196 91.56 0.271 0.204 0.067 32.69 58.87 
26 0.4 266 40 513.89 0.658 0.435 0.222 51.09 0.544 0.435 0.110 25.23 25.86 
27 0.4 266 90 1156.25 0.658 0.490 0.168 34.40 0.593 0.490 0.102 20.88 13.52 
28 -0.6 268 10 155.88 0.237 0.118 0.119 101.51 0.171 0.118 0.053 45.04 56.48 
29 -0.6 268 40 623.53 0.449 0.251 0.198 78.97 0.343 0.252 0.090 35.86 43.11 
30 -0.6 268 90 1402.94 0.566 0.388 0.178 45.80 0.472 0.377 0.095 25.06 20.74 
31 3.5 384 10 19.38 0.371 0.165 0.206 124.94 0.240 0.161 0.079 48.85 76.08 
32 3.5 384 40 77.53 0.471 0.261 0.211 80.76 0.361 0.269 0.092 34.20 46.56 
33 3.5 384 90 174.44 0.511 0.351 0.160 45.52 0.464 0.356 0.108 30.47 15.05 
34 2.5 387 10 38.02 0.254 0.127 0.127 99.90 0.183 0.121 0.062 50.97 48.93 
35 2.5 387 40 152.09 0.603 0.324 0.279 86.09 0.418 0.317 0.101 31.77 54.32 
36 2.5 387 90 342.19 0.720 0.438 0.282 64.38 0.576 0.447 0.128 28.64 35.74 
37 1.5 384 10 83.40 0.267 0.114 0.152 133.34 0.158 0.116 0.042 36.40 96.94 
38 1.5 384 40 333.62 0.549 0.251 0.298 118.34 0.333 0.258 0.075 29.28 89.06 
39 1.5 384 90 750.64 0.848 0.484 0.364 75.31 0.581 0.452 0.129 28.53 46.79 
40 0.5 384 10 253.15 0.536 0.235 0.301 128.35 0.320 0.245 0.076 30.85 97.50 
41 0.5 384 40 1012.61 0.674 0.446 0.227 50.95 0.548 0.434 0.113 26.11 24.83 
42 0.5 384 90 2278.36 1.017 0.574 0.444 77.29 0.727 0.593 0.134 22.57 54.73 
43 -0.5 386 10 219.99 0.482 0.212 0.270 126.97 0.290 0.205 0.085 41.33 85.65 
44 -0.5 386 40 879.96 0.653 0.363 0.289 79.67 0.443 0.363 0.080 21.91 57.76 
45 -0.5 386 90 1979.90 0.857 0.505 0.352 69.66 0.625 0.507 0.118 23.22 46.44 
46 3.8 494 10 25.58 0.405 0.195 0.210 108.05 0.252 0.192 0.061 31.76 76.28 
47 3.8 494 40 102.33 0.335 0.282 0.053 18.85 0.381 0.284 0.096 33.91 -15.06 
48 3.8 494 90 230.25 0.412 0.336 0.076 22.72 0.451 0.340 0.111 32.73 -10.01 
49 2.8 494 10 48.56 0.419 0.182 0.237 130.10 0.243 0.172 0.071 41.48 88.62 
50 2.8 494 40 194.26 0.611 0.353 0.258 73.19 0.437 0.337 0.100 29.69 43.50 
51 2.8 494 90 437.08 0.693 0.477 0.217 45.40 0.584 0.486 0.098 20.13 25.27 
52 1.8 494 10 113.01 0.410 0.199 0.211 105.82 0.272 0.194 0.078 40.51 65.31 
53 1.8 494 40 452.02 0.831 0.369 0.462 125.24 0.460 0.352 0.108 30.62 94.63 
54 1.8 494 90 1017.05 0.958 0.635 0.323 50.84 0.755 0.608 0.147 24.23 26.60 
55 0.8 503 10 338.03 0.707 0.367 0.340 92.47 0.412 0.347 0.065 18.63 73.84 
56 0.8 503 40 1352.13 0.929 0.590 0.339 57.50 0.671 0.569 0.102 17.89 39.61 
57 0.8 503 90 3042.29 1.336 0.693 0.643 92.83 0.849 0.728 0.120 16.53 76.29 
58 -0.2 503 10 254.27 0.393 0.147 0.247 168.20 0.206 0.145 0.061 42.13 126.08 
59 -0.2 503 40 1017.08 0.775 0.432 0.342 79.28 0.525 0.359 0.167 46.48 32.80 
60 -0.2 503 90 2288.42 1.302 0.647 0.655 101.27 0.826 0.682 0.144 21.06 80.20 
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Table 4 Effect of fluence to conicality. 
 

Test 
ID 

Focal plane 
position, mm 

Laser 
power, W 

Pulse, 
ms 

Fluence,    
J mm-2 

Hole area 
(top), mm2 

Hole area 
(bottom), mm2 

Conicality, 
% 

1 3.0 139 10 6.63 0.129 0.128 99.11 
2 3.0 139 40 26.51 0.161 0.160 99.33 
3 3.0 139 90 59.64 0.200 0.198 98.91
4 2.0 144 10 15.02 0.072 0.068 95.03 
5 2.0 144 40 60.07 0.159 0.155 97.78 
6 2.0 144 90 135.17 0.198 0.196 99.02 
7 1.0 139 10 28.69 0.072 0.070 97.96 
8 1.0 139 40 114.75 0.169 0.153 90.11 
9 1.0 139 90 258.20 0.277 0.266 96.10 

10 0.0 142 10 95.83 0.170 0.165 97.44 
11 0.0 142 40 383.34 0.225 0.227 101.01 
12 0.0 142 90 862.51 0.290 0.284 97.99 
13 -1.0 140 10 84.23 0.240 0.237 98.55
14 -1.0 140 40 336.90 0.328 0.317 96.70 
15 -1.0 140 90 758.03 0.290 0.290 100.02 
16 3.4 264 10 13.26 0.145 0.144 99.08 
17 3.4 264 40 53.03 0.230 0.223 96.79 
18 3.4 264 90 119.31 0.288 0.288 100.00 
19 2.4 266 10 22.51 0.108 0.103 94.88 
20 2.4 266 40 90.05 0.234 0.230 98.35 
21 2.4 266 90 202.61 0.321 0.319 99.37 
22 1.4 264 10 47.59 0.113 0.102 90.70 
23 1.4 264 40 190.37 0.287 0.281 97.87
24 1.4 264 90 428.34 0.334 0.331 99.09 
25 0.4 266 10 128.47 0.214 0.204 95.45 
26 0.4 266 40 513.89 0.435 0.435 99.85 
27 0.4 266 90 1156.25 0.490 0.490 100.14 
28 -0.6 268 10 155.88 0.118 0.118 100.43 
29 -0.6 268 40 623.53 0.251 0.252 100.43 
30 -0.6 268 90 1402.94 0.388 0.377 97.19 
31 3.5 384 10 19.38 0.165 0.161 97.99 
32 3.5 384 40 77.53 0.261 0.269 103.21 
33 3.5 384 90 174.44 0.351 0.356 101.46 
34 2.5 387 10 38.02 0.127 0.121 95.34 
35 2.5 387 40 152.09 0.324 0.317 97.94 
36 2.5 387 90 342.19 0.438 0.447 102.14 
37 1.5 384 10 83.40 0.114 0.116 101.46 
38 1.5 384 40 333.62 0.251 0.258 102.50 
39 1.5 384 90 750.64 0.484 0.452 93.40 
40 0.5 384 10 253.15 0.235 0.245 104.31 
41 0.5 384 40 1012.61 0.446 0.434 97.31 
42 0.5 384 90 2278.36 0.574 0.593 103.37 
43 -0.5 386 10 219.99 0.212 0.205 96.50 
44 -0.5 386 40 879.96 0.363 0.363 99.99 
45 -0.5 386 90 1979.90 0.505 0.507 100.42 
46 3.8 494 10 25.58 0.195 0.192 98.40
47 3.8 494 40 102.33 0.282 0.284 100.84 
48 3.8 494 90 230.25 0.336 0.340 101.07 
49 2.8 494 10 48.56 0.182 0.172 94.41 
50 2.8 494 40 194.26 0.353 0.337 95.60 
51 2.8 494 90 437.08 0.477 0.486 101.91 
52 1.8 494 10 113.01 0.199 0.194 97.25 
53 1.8 494 40 452.02 0.369 0.352 95.41
54 1.8 494 90 1017.05 0.635 0.608 95.65 
55 0.8 503 10 338.03 0.367 0.347 94.59 
56 0.8 503 40 1352.13 0.590 0.569 96.48
57 0.8 503 90 3042.29 0.693 0.728 105.07 
58 -0.2 503 10 254.27 0.147 0.145 98.87 
59 -0.2 503 40 1017.08 0.432 0.359 82.99 
60 -0.2 503 90 2288.42 0.647 0.682 105.47 
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Appendix 21 
 
Analysis of I-I and PI-O parameters 
 
Fluence vs. hole area 
 
Figure 1 shows fluence vs. hole area.  
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Figure 1. Fluence vs. hole area. 
 
Fluence as function of average laser power vs. hole area  
 
Figure 2 presents fluence as function of average laser power vs. hole area.  
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Figure 2. Fluence as function of average laser power vs. maximum temperature.  
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Fluence as function of pulse length vs. hole area  
 
Figure 3 shows fluence as function of pulse length vs. hole area.  
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Figure 3. Fluence as function of pulse length vs. hole area.  
 
Fluence as function of average focal plane position vs. hole area  
 
Figure 5 illustrates the effect of fluence to hole area as function of average focal plane position. 
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Figure 5. Fluence as function of average focal plane position vs. hole area.  
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Fluence vs. HAZ 
 
Figure 6 shows fluence vs. HAZ.  
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Figure 6. Fluence vs. HAZ. 
 
Fluence as function of average laser power vs. HAZ  
 
Figure 7 illustrates fluence as function of average laser power vs. HAZ. 
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Figure 7. Fluence as function of average laser power vs. HAZ.  
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Fluence as function of pulse length vs. HAZ  
 
Figure 8 shows fluence as function of pulse length vs. HAZ.  
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Figure 8. Fluence as function of pulse length vs. HAZ.  
 
Fluence as function of average focal plane position vs. HAZ  
 
Figure 9 represents fluence as function of average focal plane position vs. HAZ.  
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Figure 9. Fluence as function of average focal plane position vs. HAZ.  
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Fluence vs. ΔHAZ 
 
Figure 10 shows fluence vs. ΔHAZ.  
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Figure 10. Fluence vs. ΔHAZ. 
 
Fluence as function of average laser power vs. ΔHAZ  
  
Figure 11 shows fluence as function of average laser power vs. ΔHAZ. 
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Figure 11. Fluence as function of average laser power vs. ΔHAZ  
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Fluence as function of pulse length vs. ΔHAZ  
 
Figure 12 shows fluence as function of pulse length vs. ΔHAZ.  
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Figure 12. Fluence as function of pulse length vs. ΔHAZ.  
 
Fluence as function of average focal plane position vs. ΔHAZ  
 
Figure 13 introduces fluence as function of average focal plane position vs. ΔHAZ.  
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Figure 13. Fluence as function of average focal plane position vs. ΔHAZ.  
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Fluence vs. conicality 
 
Figure 14 illustrates fluence vs. conicality.  
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Figure 14. Fluence vs. conicality. 
 
Fluence as function of average laser power vs. conicality  
 
Figure 15 shows fluence as function of average laser power vs. conicality.  
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Figure 15. Fluence as function of average laser power vs. conicality.  
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Fluence as function of pulse length vs. conicality  
 
Figure 16 shows fluence as function of pulse length vs. conicality. 
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Figure 16. Fluence as function of pulse length vs. conicality.  
 
Fluence as function of average focal plane position vs. conicality  
 
Figure 17 presents fluence as function of average focal plane position vs. conicality.  
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Figure 17. Fluence as function of average focal plane position vs. conicality.  
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Appendix 22 
 
Analysis of I-O and PI-O parameters 
 
Maximum spectral intensity vs. maximum temperature 
 
Figure 1 represents maximum spectral intensity vs. maximum temperature.  
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Figure 1. Maximum spectral intensity vs. maximum temperature. 
  
Maximum spectral intensity as function of average laser power vs. maximum temperature  
 
Figure 2 illustrates maximum spectral intensity as function of average laser power vs. maximum 
temperature.  
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Figure 2. Maximum spectral intensity as function of average laser power vs. maximum 
temperature.  
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Maximum spectral intensity as function of pulse length vs. maximum temperature  
 
Figure 3 illustrates maximum spectral intensity as function of pulse length vs. maximum 
temperature.  
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Figure 3. Maximum spectral intensity as function of pulse length vs. maximum temperature.  
 
Maximum spectral intensity as function average focal plane position vs. maximum temperature  
 
Figure 4 illustrates maximum spectral intensity as function of average focal plane position vs. 
maximum temperature.  

y = 1,4598x - 955,89
R² = 0,9504

y = 0,1665x + 409,69
R² = 0,0582

400

500

600

700

800

900

1000

1100

1200

700 800 900 1000 1100 1200 1300 1400 1500

M
ax

im
u

m
 t

em
p

er
at

u
re

, 
o
C

Maximum spectral intensity, Au

Average focal plane position 3.4 mm Average focal plane position 2.4 mm
Average focal plane position 1.4 mm Average focal plane position 0.4 mm
Average focal plane position -0.6 mm

 
Figure 4. Maximum spectral intensity as function of average focal plane position vs. maximum 

temperature. 
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Maximum spectral intensity vs. hole area 
 
Figure 5 represents maximum spectral intensity vs. hole area.  
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Figure 5. Maximum spectral intensity vs. hole area. 
 
Maximum spectral intensity as function of average laser power vs. hole area  
 
Figure 6 illustrates maximum spectral intensity as function of average laser power vs. hole area.  
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Figure 6. Maximum spectral intensity as function of average laser power vs. hole area.  
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Maximum spectral intensity as function of pulse length vs. hole area  
 
Figure 7 illustrates effect of maximum spectral intensity as function of pulse length vs. hole area.  
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Figure 7. Maximum spectral intensity as function of pulse length vs. hole area.  
 
Maximum spectral intensity as function of average focal plane position vs. hole area  
 
Figure 8 illustrates maximum spectral intensity as function of average focal plane position vs. hole 
area.  
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Figure 8. Maximum spectral intensity as function of average focal plane position vs. hole area.  
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Maximum spectral intensity vs. HAZ 
 
Figure 9 represents maximum spectral intensity vs. HAZ.  
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Figure 9. Maximum spectral intensity vs. HAZ. 
  
Maximum spectral intensity as function of average laser power vs. HAZ  
 
Figure 10 illustrates maximum spectral intensity as function of average laser power vs. HAZ.  
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Figure 10. Maximum spectral intensity as function of average laser power vs. HAZ.  
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Maximum spectral intensity as function of pulse length vs. HAZ  
 
Figure 11 illustrates maximum spectral intensity as function of pulse length vs. HAZ.  
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Figure 11. Maximum spectral intensity as function of pulse length vs. HAZ.  
 
Maximum spectral intensity as function of average focal plane position vs. HAZ  
 
Figure 12 illustrates maximum spectral intensity as function of average focal plane position vs. 
HAZ.  
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Figure 12. Maximum spectral intensity as function of average focal plane position vs. HAZ.  
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Maximum temperature vs. hole area 
 
Figure 13 represents maximum temperature vs. hole area.  
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Figure 13. Maximum temperature vs. hole area. 
 
Maximum temperature as function of average laser power vs. hole area  
 
Figure 14 illustrates maximum temperature as function of average laser power vs. hole area.  
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Figure 14. Maximum temperature as function of average laser power vs. hole area.  
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Maximum temperature as function of pulse length vs. hole area  
 
Figure 15 illustrates maximum temperature as function of pulse length vs. hole area. 
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Figure 15. Maximum temperature as function of pulse length vs. hole area.  
 
Maximum temperature as function of average focal plane position vs. hole area  
 
Figure 16 illustrates maximum temperature as function of average focal plane position vs. hole area.  
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Figure 16. Maximum temperature as function of average focal plane position vs. hole area.  
 
 



  Appendix 22      9 (10) 

 
               
                                 

Maximum temperature vs. HAZ 
 
Figure 17 represents maximum temperature vs. HAZ. 
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Figure 17. Maximum temperature vs. HAZ. 
 
Maximum temperature as function of average laser power vs. HAZ  
 
Figure 18 illustrates maximum temperature as function of average laser power vs. HAZ.  
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Figure 18. Maximum temperature as function of average laser power vs. HAZ.  
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Maximum temperature as function of pulse length vs. HAZ  
 
Figure 19 illustrates maximum temperature as function of pulse length vs. HAZ.  
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Figure 19. Maximum temperature as function of pulse length vs. HAZ.  
 
Maximum temperature as function of average focal plane position vs. HAZ  
 
Figure 20 illustrates maximum temperature as function of average focal plane position vs. HAZ.  
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Figure 20. Maximum temperature as function of average focal plane position vs. HAZ.  
 



  Appendix 23            1(2)

 
               
                                 

Appendix 23 
 
Analysis of PI-O parameters 
 
Hole area vs. HAZ 
 
Figure 1 represents effect of hole area to HAZ.  
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Figure 1. Hole area vs. HAZ. 
 
Hole area as function of average laser power vs. HAZ  
 
Figure 2 illustrates hole area as function of average laser power vs. HAZ.  
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Figure 2. Hole area as function of average laser power vs. HAZ.  
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Hole area as function of pulse length vs. HAZ  
 
Figure 3 illustrates hole area as function of pulse length vs. HAZ.  
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Figure 3. Hole area as function of pulse length vs. HAZ.  
 
Hole area as a function of focal plane position vs. HAZ  
 
Figure 4 presents hole area as function of focal plane position vs. HAZ.  
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Figure 4. Hole area as function of focal plane position vs. HAZ.  
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Appendix 24 
 
Conclusions of DP/IP analysis of I-I, I-O and PI-O parameters 
 
Table 1 Conclusions of DP/IP analysis of I-I, I-O and PI-O parameters. 
 

 

 I-O parameters PI-O parameter 
 Maximum 

spectral 
intensity 

Maximum 
temperature 

Hole 
area 

HAZ ΔHAZ Concavity 

I-I 
parameters 

Fluence as 
function of 

Average 
laser 

power 
* *  *   

Pulse 
length 

* *  *   

Average 
focal 
plane 

position 

* *  * * * 

I-O 
parameters 

Maximum 
spectral 

intensity as 
function of 

Average 
laser 

power 

 

*   

 

Pulse 
length    

Average 
focal 
plane 

position 

  * 

Maximum 
temperature 
as function 

of 

Average 
laser 

power 

 

*  

Pulse 
length 

*  

Average 
focal 
plane 

position 

  

PI-O 
parameters 

Hole area as 
function of 

 

Average 
laser 

power 

 

 

Pulse 
length  

Average 
focal 
plane 

position 

* 

Direct proportionality:  
Inverse proportionality:  

No proportionality: * 
Only one or two data point available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: -  
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Appendix 25 
 
Correlation of I-I, I-O and PI-O parameters 
 
Table 1 introduces comparison of correlations of I-I and I-O parameters. 
 
Table 1  Correlation analysis of I-I and I-O parameters. 
 

 

Correlation R2, - 
I-O parameters 

Maximum spectral 
intensity

Maximum 
temperature 

I-I 
parameters 

Fluence - 0.2549 0.1661 

Fluence as 
function of 

Average 
laser 

power 

141 W 0.0318 0.9989 
266 W 0.0313 0.6509 
385 W 0.1364 0.7381 
498 W 0.4213 0.1381 

Pulse 
length 

10 ms 0.1776 0.3151 
40 ms 0.4475 0.3499 
90 ms 0.2996 0.0025 

Average 
focal plane 

position 

3.4 mm 0.0003 0.4595 
2.4 mm 0.0753 ‐  
1.4 mm 0.5255 0.6386 
0.4 mm 0.3717 0.3421 
-0.6 mm 0.4841 0.6407 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70 

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 

 
Table 2 illustrates comparison of correlation of I-I and PI-O parameters. 
 
Table 2  Correlation analysis of I-I and PI-O parameters. 
 

 Correlation R2, - 
PI-O parameters 

Hole area HAZ ΔHAZ Conicality 

I-I 
parameters 

Fluence  0.6758 0.0091 0.0065 0.0703 

Fluence as 
function 

of 

Average 
laser 

power 

141 W 0.5217 0.0094 0.0751 0.0455 
266 W 0.5559 0.2736 0.1403 0.0809 
385 W 0.6593 0.1821 0.0631 0.0182 
498 W 0.7214 0.0005 0.0147 0.1177 

Pulse 
length 

10 ms 0.4663 0.0718 0.1825 0.0402 
40 ms 0.6887 0.0016 0.0135 0.0862 
90 ms 0.6502 0.2801 0.4526 0.2300 

Average 
focal 
plane 

position 

3.4 mm 0.8788 0.3041 0.2052 0.3345 
2.4 mm 0.9035 0.6165 0.3230 0.7235 
1.4 mm 0.9503 0.2262 0.0754 0.0033 
0.4 mm 0.7854 0.0018 0.0035 0.3111 
-0.6 mm 0.8559 0.0317 0.0017 0.0431 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70 

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 
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Table 3 illustrates correlation analysis of I-O and PI-O parameters. 
 
Table 3 Correlation analysis of I-O and PI-O parameters. 
 

 Correlation R2, - 
I-O 

parameters 
PI-O parameters 

Maximum 
temperature

Hole 
area 

HAZ 

I-O 
parameters 

Maximum 
spectral 
intensity 

 
0.3829 0.3099 3.0 · 10-5 

Maximum 
spectral 

intensity as 
function of 

Average 
laser power 

141 W N/A 0.5292 0.4079 
266 W 0.1139 0.0096 0.0420
385 W 0.3995 0.0631 0.0041
498 W 0.5107 0.6007 0.0491 

Pulse length 
10 ms 0.0087 0.5405 0.0861 
40 ms 0.3041 0.3654 0.0488 
90 ms 0.4462 0.5875 0.1662 

Average 
focal plane 

position 

3.4 mm N/A 0.0189 3.0 · 10-6

2.4 mm N/A 0.0227 0.0187
1.4 mm 0.9504 0.5522 0.5860 
0.4 mm 0.0582 0.2800 0.2691 
-0.6 mm N/A 0.5850 0.0017 

Maximum 
temperature 

 

 

0.4376 0.1196 

Maximum 
temperature 

(average laser 
power) 

Average 
laser power 

141 W 0.4262 0.6651 
266 W 0.2584 0.4017 
385 W 0.8429 0.2193 
498 W 0.5294 0.4547 

Maximum 
temperature 

(pulse length) 
Pulse length 

10 ms 0.0007 0.7671 
40 ms N/A N/A 
90 ms 0.3350 0.0168 

Maximum 
temperature 

(average focal 
plane position) 

Average 
focal plane 

position 

3.4 mm 0.3954 0.3157 
2.4 mm N/A N/A 
1.4 mm 0.6798 0.6720 
0.4 mm 0.5510 0.0325 
-0.6 mm 0.6715 0.0114 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 
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Table 4 introduces correlation analysis of PI-O parameters. 
 
Table 4 Correlation analysis of PI-O parameters. 
 

 
Correlation R2. - 
PI-O parameter 

HAZ 

PI-O 
parameters 

Hole 
area 

 0.1064 

Hole 
area as 

function 
of 
 

Average 
laser 

power 

141 W 0.0269 
266 W 0.6438
385 W 0.5909 
498 W 0.1513 

Pulse 
length 

10 ms 0.0028 
40 ms 0.0267 
90 ms 0.1193 

Average 
focal plane 

position 

3.4 mm 0.2151
2.4 mm 0.5835 
1.4 mm 0.2521 
0.4 mm 0.0195 
-0.6 mm 0.0947 

Adequate range of R2 (marked with italic font): 0.45 < R2 < 0.55 
Satisfactory range of R2 (marked with green font): 0.55 < R2 < 0.70 

Good range of R2 (marked with blue font): 0.70 < R2 < 0.90 
Significant range of R2 (marked with red font): R2 > 0.90 

Only one or two data point available, no reliable trend line could be drawn: N/A 
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Appendix 26 
 
Conclusions of correlation analysis of I-I, I-O and PI-O parameters 
 
Table 1 Conclusions of correlation analysis of I-I, I-O and PI-O parameters. 
 

 

Correlation R2, - 
I-O parameters PI-O parameter 

Maximum 
spectral 
intensity 

Maximum 
temperature 

Hole 
area 

HAZ ΔHAZ Concavity 

I-
I 

pa
ra

m
et

er
s 

Fluence - 0.2549 0.1661 0.6758 0.0091 0.0065 0.0703 

Fluence as 
function of 

Average 
laser power 

141 W 

 

0.9989 0.5217 

 

0.0751 0.0455 
266 W 0.6509 0.5559 0.1403 0.0809 
385 W 0.7381 0.6593 0.0631 0.0182 
498 W 0.1381 0.7214 0.0147 0.1177 

Pulse length 
10 ms 

 

0.4663 0.1825 0.0402 
40 ms 0.6887 0.0135 0.0862 
90 ms 0.6502 0.4526 0.2300 

Average 
focal plane 

position 

3.4 mm 0.8788 

 

2.4 mm 0.9035 
1.4 mm 0.9503 
0.4 mm 0.7854 
-0.6 mm 0.8559 

I-
O

 p
ar

am
et

er
s 

Maximum 
spectral 
intensity 

- 0.3829 0.3099 
3.0 · 
10-5 

Maximum 
spectral 

intensity as 
function of 

Average 
laser power 

141 W 

 

0.5292 0.4079 
266 W 0.0096 0.0420 
385 W 0.0631 0.0041 
498 W 0.6007 0.0491 

Pulse length 
10 ms 0.0087 0.5405 0.0861 
40 ms 0.3041 0.3654 0.0488 
90 ms 0.4462 0.5875 0.1662 

Average 
focal plane 

position 

3.4 mm N/A 0.0189 

 
2.4 mm N/A 0.0227 
1.4 mm 0.9504 0.5522 
0.4 mm 0.0582 0.2800 
-0.6 mm N/A 0.5850 

Maximum 
temperature 

- 

 

0.4376 0.1196 

Maximum 
temperature 
as function 

of 
 

Average 
laser power 

141 W 0.4262 0.6651 
266 W 0.2584 0.4017 
385 W 0.8429 0.2193 
498 W 0.5294 0.4547 

Pulse length 
10 ms 

 
0.7671 

40 ms N/A 
90 ms 0.0168 

Average 
focal plane 

position 

3.4 mm 0.3954 0.3157 
2.4 mm N/A N/A 
1.4 mm 0.6798 0.6720 
0.4 mm 0.5510 0.0325 
-0.6 mm 0.6715 0.0114 

PI
-O

 p
ar

am
et

er
s 

Hole area - 

 

0.1064 

Hole area as 
function of 

 

Average 
laser power 

141 W 0.0269 
266 W 0.6438 
385 W 0.5909 
498 W 0.1513 

Pulse length 
10 ms 0.0028 
40 ms 0.0267 
90 ms 0.1193 
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Appendix 27 
 
Dependence of I-I, I-O and PI-O parameters 
 
Table 1 introduces dependence analysis of I-I and I-O parameters. 
 
Table 1  Dependence analysis of I-I and I-O parameters. 
 

 

I-O parameters 
Maximum spectral 

intensity 
Maximum temperature 

f´(x)  f´(x)  

I-
I 

pa
ra

m
et

er
s 

Fluence - 0.0584  0.0618  

Fluence as 
function of 

 

Average 
laser 

power 

141 W 0.0349  -0.0238  
266 W -0.0074  0.0253  
385 W 0.0444  0.0384  
498 W 0.0700  0.0656  

Pulse 
length 

10 ms 0.2430  -0.1859  
40 ms 0.1228  0.0720  
90 ms 0.0575  -0.0088  

Average 
focal plane 

position 

3.4 mm 0.0003  -0.8075  
2.4 mm 0.0578  N/A - 
1.4 mm 0.2665  0.4782  
0.4 mm 0.0485  0.0365  
-0.6 mm 0.0466  0.4833  

No effect of I-I parametre to I-O parametre (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parametre to I-O parametre (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parametre to I-O parametre (marked with ): f´(x) < -0.0001 
Only one or two data plane available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 

 
Table 2 illustrates comparison of dependence of I-I parameters to PI-O parameters. 
 
Table 2  Dependence analysis of I-I and PI-O parameters. 
 

 PI-O parameters 
Hole area HAZ ΔHAZ Concavity 
f´(x)  f´(x)  f´(x)  f´(x)  

I-
I 

pa
ra

m
et

er
s 

Fluence  0.0002  -0.0050  0.0039  0.0015 

Fluence as 
function of 

 

Average 
laser 

power 

141 W 0.0002  0.0084  0.0232  0.0021 
266 W 0.0002  -0.0387  -0.0235  0.0018 
385 W 0.0002  -0.0296  -0.0091  0.0006 
498 W 0.0002  -0.0010  0.0053  0.0021 

Pulse 
length 

10 ms 0.0005  -0.0025  0.1514  0.0061 
40 ms 0.0002  0.0134  0.0079  -0.0034 
90 ms 0.0001  -0.0109  0.0189  0.0016 

Average 
focal 
plane 

position 

3.4 mm 0.0001  -0.2591  -0.2047  0.0144 
2.4 mm 0.0009  -0.1588  -0.0885  0.0171 
1.4 mm 0.0005  -0.0544  -0.0276  -0.0007 
0.4 mm 0.0002  -0.0016  0.0022  0.0021 
-0.6 mm 0.0002  -0.0086  -0.0018  0.0015 

No effect of I-I parametre to I-O parametre (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parametre to I-O parametre (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parametre to I-O parametre (marked with ): f´(x) < -0.0001 
Only one or two data plane available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 
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Table 3 shows dependence analysis of I-O and PI-O parameters.  
 
Table 3 Dependence analysis of I-O and PI-O parameters. 
 

 

I-O 
parameters 

PI-O parameters 

Maximum 
temperature

Hole area HAZ 

f´(x) f´(x)  f´(x)

I-
O

 p
ar

am
et

er
s 

Maximum 
spectral 
intensity 

 0.5647  0.001  0.0023 

Maximum 
spectral 

intensity as 
function of 

Average 
laser 

power 

141 W N/A - -0.0014  0.4783 
266 W 0.5889  -0.0005  0.1771 
385 W 0.1187  0.0040  0.0228 
498 W 1.1425  0.0015  -0.0996 

Pulse 
length 

10 ms 0.0465  0.0080  -0.1136 
40 ms 0.3195  0.0080  -0.0736 
90 ms 0.8898  0.0011  0.0917 

Average 
focal plane 

position 

3.4 mm N/A - -0.0001  0.2985 
2.4 mm N/A - 0.0060  N/A - 
1.4 mm 1.4598  0.0011  -0.1384 
0.4 mm 0.1665  0.0012  -0.0899 
-0.6 mm N/A - 0.0023  -0.0331 

Maximum 
temperature 

  

 

0.0009  -0.0972 

Maximum 
temperature as 

function of 
 

Average 
laser 

power 

141 W -0.0057  -0.7670 
266 W 0.0035  -0.6887 
385 W 0.0058  -0.5690 
498 W 0.0080  -0.1570 

Pulse 
length 

10 ms -6·10-5  -0.7623 
40 ms N/A - N/A - 
90 ms 0.0050  -0.0196 

Average 
focal plane 

position 

3.4 mm -0.0010  0.2958 
2.4 mm N/A - N/A - 
1.4 mm 0.0007  -0.1384 
0.4 mm 0.0012  -0.8990 
-0.6 mm 0.0020  -0.0341 

No effect of I-I parametre to I-O parametre (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parametre to I-O parametre (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parametre to I-O parametre (marked with ): f´(x) < -0.0001 
Only one or two data plane available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 
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Table 4 introduces dependence analysis of PI-O parameters. 
 
Table 4 Dependence analysis of PI-O parameters. 
 

 
PI-O parameter 

HAZ 
f´(x)  

PI-O parameters 

Hole area  -72.043  

Hole area as 
function of 

 

Average 
laser 

power 

141 W -51.445  
266 W -214.840  
385 W -157.460  
498 W -92.672  

Pulse 
length 

10 ms -28.291  
40 ms -56.541  
90 ms 51.736  

Average 
focal 
plane 

position 

3.4 mm -203.990  
2.4 mm -155.300  
1.4 mm -106.550  
0.4 mm -23.310  
-0.6 mm -70.928  

No effect of I-I parametre to I-O parametre (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parametre to I-O parametre (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parametre to I-O parametre (marked with ): f´(x) < -0.0001 
Only one or two data plane available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: - 
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Appendix 28 
 
Conclusions of dependence analysis of I-I, I-O and PI-O parameters 
 
Table 1 Comparison of dependence analysis of I-I, I-O and PI-O parameters. 
 

 

I-O parameters PI-O parameter 
Maximum 

spectral 
intensity 

Maximum 
temperature 

Hole 
area 

HAZ ΔHAZ Concavity 

I-I 
parameters 

Fluence -  

 

Fluence as 
function of 

Average 
laser 

power 

141 W 

 

 
266 W  
385 W  
498 W  

Pulse 
length 

10 ms 

 


40 ms 
90 ms 

Average 
focal 
plane 

position 

3.4 mm 

 

 

2.4 mm 
1.4 mm 
0.4 mm 
-0.6 mm 

I-O 
parameters 

Maximum 
spectral 

intensity as 
function of 

Average 
laser 

power 

141 W 
266 W 
385 W 
498 W 

Pulse 
length 

10 ms 
40 ms 
90 ms 

Average 
focal 
plane 

position 

3.4 mm - 
2.4 mm - 
1.4 mm  
0.4 mm  
-0.6 mm - 

Maximum 
temperature 
as function 

of 
 

Average 
laser 

power 

141 W 

 

 
266 W  
385 W  
498 W  

Pulse 
length 

10 ms 
 


40 ms - 
90 ms 

Average 
focal 
plane 

position 

3.4 mm  
2.4 mm - - 
1.4 mm  
0.4 mm  
-0.6 mm  

PI-O 
parameters 

Hole area 
as function 

of 
 

Average 
laser 

power 

141 W 

 


266 W 
385 W 
498 W 

No effect of I-I parametre to I-O parametre (marked with ):  0.0001 < f´(x) < -0.0001 
Increasing effect of I-I parametre to I-O parametre (marked with ): f´(x) > 0.0001 

Decreasing effect of I-I parametre to I-O parametre (marked with ): f´(x) < -0.0001 
Only one or two data plane available, no reliable trend line could be drawn: N/A 

No conclusion could be drawn: -
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Appendix 29 
 
Numerical data of BHR100 and BHR86 
 
Table 1 Fluence vs. BHR100. 
 

Test 
ID 

Focal plane position, 
mm 

Laser power, 
W 

Pulse, 
ms 

Fluence, 
J mm-2 

Hole area (top), 
mm2 

BCA, 
mm2 

BHR100, 
% 

1 3.0 139 10 6.63 0.1289 0.2091 162.23 
2 3.0 139 40 26.51 0.1614 0.2091 129.60 
3 3.0 139 90 59.64 0.1997 0.2091 104.71 
4 2.0 144 10 15.02 0.0716 0.0962 134.36 
5 2.0 144 40 60.07 0.1585 0.0962 60.70 
6 2.0 144 90 135.17 0.1975 0.0962 48.70 
7 1.0 139 10 28.69 0.0717 0.0483 67.38 
8 1.0 139 40 114.75 0.1694 0.0483 28.51 
9 1.0 139 90 258.20 0.2772 0.0483 17.43 
10 0.0 142 10 95.83 0.1696 0.0148 8.74 
11 0.0 142 40 383.34 0.2248 0.0148 6.59 
12 0.0 142 90 862.51 0.2896 0.0148 5.12 
13 -1.0 140 10 84.23 0.2402 0.0167 6.93 
14 -1.0 140 40 336.90 0.3278 0.0167 5.08 
15 -1.0 140 90 758.03 0.2904 0.0167 5.73 
16 3.4 264 10 13.26 0.1289 0.1995 154.77 
17 3.4 264 40 53.03 0.1614 0.1995 123.64 
18 3.4 264 90 119.31 0.1997 0.1995 99.90 
19 2.4 266 10 22.51 0.0716 0.1182 165.12 
20 2.4 266 40 90.05 0.1585 0.1182 74.59 
21 2.4 266 90 202.61 0.1975 0.1182 59.85 
22 1.4 264 10 47.59 0.0717 0.0556 77.51 
23 1.4 264 40 190.37 0.1694 0.0556 32.80 
24 1.4 264 90 428.34 0.2772 0.0556 20.05 
25 0.4 266 10 128.47 0.1696 0.0207 12.22 
26 0.4 266 40 513.89 0.2248 0.0207 9.21 
27 0.4 266 90 1156.25 0.2896 0.0207 7.15 
28 -0.6 268 10 155.88 0.2402 0.0172 7.15 
29 -0.6 268 40 623.53 0.3278 0.0172 5.24 
30 -0.6 268 90 1402.94 0.2904 0.0172 5.92 
31 3.5 384 10 19.38 0.1648 0.1979 120.11 
32 3.5 384 40 77.53 0.2607 0.1979 75.91 
33 3.5 384 90 174.44 0.3509 0.1979 56.41 
34 2.5 387 10 38.02 0.1270 0.1018 80.18 
35 2.5 387 40 152.09 0.3240 0.1018 31.41 
36 2.5 387 90 342.19 0.4381 0.1018 23.24 
37 1.5 384 10 83.40 0.1143 0.0460 40.24 
38 1.5 384 40 333.62 0.2514 0.0460 18.29 
39 1.5 384 90 750.64 0.4836 0.0460 9.51 
40 0.5 384 10 253.15 0.2347 0.0152 6.46 
41 0.5 384 40 1012.61 0.4464 0.0152 3.39 
42 0.5 384 90 2278.36 0.5738 0.0152 2.64 
43 -0.5 386 10 219.99 0.2125 0.0176 8.26 
44 -0.5 386 40 879.96 0.3633 0.0176 4.83 
45 -0.5 386 90 1979.90 0.5052 0.0176 3.47 
46 3.8 494 10 25.58 0.1947 0.1932 99.24 
47 3.8 494 40 102.33 0.2818 0.1932 68.57 
48 3.8 494 90 230.25 0.3359 0.1932 57.52 
49 2.8 494 10 48.56 0.1820 0.1018 55.92 
50 2.8 494 40 194.26 0.3525 0.1018 28.87 
51 2.8 494 90 437.08 0.4769 0.1018 21.34 
52 1.8 494 10 113.01 0.1991 0.0437 21.97 
53 1.8 494 40 452.02 0.3687 0.0437 11.86 
54 1.8 494 90 1017.05 0.6354 0.0437 6.88 
55 0.8 503 10 338.03 0.3673 0.0149 4.05 
56 0.8 503 40 1352.13 0.5900 0.0149 2.52 
57 0.8 503 90 3042.29 0.6930 0.0149 2.15 
58 -0.2 503 10 254.27 0.1467 0.0198 13.48 
59 -0.2 503 40 1017.08 0.4320 0.0198 4.58 
60 -0.2 503 90 2288.42 0.6471 0.0198 3.06 
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Table 2 Fluence vs. BHR86. 
 

Test 
ID 

Focal plane 
position, mm 

Laser 
power, W 

Pulse, 
ms 

Fluence, 
J/mm2 

Hole area 
(top), mm2 

BCA86, 
mm2 

BHR86, 
% 

1 3.0 139 10 6.63 0.1289 0.1901 147.49 
2 3.0 139 40 26.51 0.1614 0.1901 117.82 
3 3.0 139 90 59.64 0.1997 0.1901 95.20 
4 2.0 144 10 15.02 0.0716 0.0929 129.79 
5 2.0 144 40 60.07 0.1585 0.0929 58.63
6 2.0 144 90 135.17 0.1975 0.0929 47.05 
7 1.0 139 10 28.69 0.0717 0.0452 63.10 
8 1.0 139 40 114.75 0.1694 0.0452 26.70 
9 1.0 139 90 258.20 0.2772 0.0452 16.32 

10 0.0 142 10 95.83 0.1696 0.0136 8.02 
11 0.0 142 40 383.34 0.2248 0.0136 6.05 
12 0.0 142 90 862.51 0.2896 0.0136 4.69 
13 -1.0 140 10 84.23 0.2402 0.0157 6.52 
14 -1.0 140 40 336.90 0.3278 0.0157 4.78 
15 -1.0 140 90 758.03 0.2904 0.0157 5.40 
16 3.4 264 10 13.26 0.1289 0.1963 152.32 
17 3.4 264 40 53.03 0.1614 0.1963 121.69 
18 3.4 264 90 119.31 0.1997 0.1963 98.32
19 2.4 266 10 22.51 0.0716 0.1134 158.38 
20 2.4 266 40 90.05 0.1585 0.1134 71.55 
21 2.4 266 90 202.61 0.1975 0.1134 57.41 
22 1.4 264 10 47.59 0.0717 0.0523 72.92 
23 1.4 264 40 190.37 0.1694 0.0523 30.86 
24 1.4 264 90 428.34 0.2772 0.0523 18.86 
25 0.4 266 10 128.47 0.1696 0.0179 10.53 
26 0.4 266 40 513.89 0.2248 0.0179 7.94 
27 0.4 266 90 1156.25 0.2896 0.0179 6.17 
28 -0.6 268 10 155.88 0.2402 0.0148 6.15
29 -0.6 268 40 623.53 0.3278 0.0148 4.51 
30 -0.6 268 90 1402.94 0.2904 0.0148 5.09 
31 3.5 384 10 19.38 0.1648 0.1901 115.38 
32 3.5 384 40 77.53 0.2607 0.1901 72.92 
33 3.5 384 90 174.44 0.3509 0.1901 54.18 
34 2.5 387 10 38.02 0.1270 0.0962 75.78 
35 2.5 387 40 152.09 0.3240 0.0962 29.69 
36 2.5 387 90 342.19 0.4381 0.0962 21.96 
37 1.5 384 10 83.40 0.1143 0.0437 38.27 
38 1.5 384 40 333.62 0.2514 0.0437 17.40
39 1.5 384 90 750.64 0.4836 0.0437 9.04 
40 0.5 384 10 253.15 0.2347 0.0140 5.98 
41 0.5 384 40 1012.61 0.4464 0.0140 3.14 
42 0.5 384 90 2278.36 0.5738 0.0140 2.45 
43 -0.5 386 10 219.99 0.2125 0.0172 8.10 
44 -0.5 386 40 879.96 0.3633 0.0172 4.74 
45 -0.5 386 90 1979.90 0.5052 0.0172 3.41 
46 3.8 494 10 25.58 0.1947 0.1870 96.07 
47 3.8 494 40 102.33 0.2818 0.1870 66.37 
48 3.8 494 90 230.25 0.3359 0.1870 55.68 
49 2.8 494 10 48.56 0.1820 0.0962 52.86 
50 2.8 494 40 194.26 0.3525 0.0962 27.29 
51 2.8 494 90 437.08 0.4769 0.0962 20.18
52 1.8 494 10 113.01 0.1991 0.0415 20.87 
53 1.8 494 40 452.02 0.3687 0.0415 11.27 
54 1.8 494 90 1017.05 0.6354 0.0415 6.54 
55 0.8 503 10 338.03 0.3673 0.0134 3.64 
56 0.8 503 40 1352.13 0.5900 0.0134 2.27 
57 0.8 503 90 3042.29 0.6930 0.0134 1.93 
58 -0.2 503 10 254.27 0.1467 0.0190 12.97 
59 -0.2 503 40 1017.08 0.4320 0.0190 4.40 
60 -0.2 503 90 2288.42 0.6471 0.0190 2.94 
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Appendix 30 
 
Analysis of I-I parameters vs. BHR100/BHR86 
 
Fluence vs. BHR100 
 
Figure 1 illustrates fluence vs. BHR100. 

y = -27,27ln(x) + 186,02
R² = 0,709
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Figure 1. Fluence vs. BHR100. 
 
Fluence as function of average laser power vs. BHR100 
 
Figure 2 shows fluence as function of average laser power vs. BHR100. 

y = -34,06ln(x) + 208,94
R² = 0,7642

y = -36,07ln(x) + 240,51
R² = 0,7583

y = -22,6ln(x) + 158,49
R² = 0,7729
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Figure 2. Fluence as function of average laser power vs. BHR100. 
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Fluence as function of pulse length vs. BHR100 
 
Figure 3 shows fluence as function of pulse length vs. BHR100.  

y = -48,29ln(x) + 259,31
R² = 0,8617

y = -31,59ln(x) + 209
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0

20

40

60

80

100

120

140

160

180

0 500 1000 1500 2000 2500 3000 3500

B
H

R
10

0,
 %

Fluence, J mm-2

Pulse length 10 ms Pulse length 40 ms Pulse length 90 ms
 

Figure 3. Fluence as function of pulse length vs. BHR100. 
 
Fluence as function of average focal plane position vs. BHR100 
 
Figure 4 illustrates fluence as function of average focal plane position vs. BHR100. 

y = -29,6ln(x) + 218,79
R² = 0,8242

y = -36,35ln(x) + 230,05
R² = 0,7558

y = -18,25ln(x) + 125,84
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y = -1,634ln(x) + 16,433
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Figure 4. Fluence as average focal plane position vs. BHR100.  
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Fluence vs. BHR86 
 
Figure 5 represents fluence vs. BHR86. 

y = -25,92ln(x) + 176,82
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0

20

40

60

80

100

120

140

160

180

0 500 1000 1500 2000 2500 3000 3500

B
H

R
86

, 
%

Fluence, J mm-2

 
Figure 5. Fluence vs. BHR86. 
 
Fluence as function of average laser power vs. BHR86 
 
Figure 6 shows fluence as function of average laser power vs. BHR86. 

y = -31,54ln(x) + 193,78
R² = 0,7678

y = -35,23ln(x) + 234,11
R² = 0,7538

y = -21,6ln(x) + 151,48
R² = 0,7701
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Figure 6. Fluence as function of average laser power vs. BHR86.  
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Fluence as function of pulse length vs. BHR86 
 
Figure 7 illutrates fluence as function of pulse length vs. BHR86. 
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Figure 7. Fluence as function of pulse length vs. BHR86. 
 
Fluence as function of average focal plane position vs. BHR86 
 
Figure 8 introduces fluence as function of average focal plane position vs. BHR86. 
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Figure 8. Fluence as function of average focal plane position vs. BHR86.  
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Appendix 31 
 
Definition of minimum, median and maximum range of hole areas 
 
Table 1 shows results of hole areas with corresponding parameters arranged to increasing order of 
appearance and divided to class intervals. 
 
Table 1   Hole areas with corresponding parameters arranged to increasing order of appearance 

and divided to class intervals. 
 

0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 

2,0 1 139 10 15,02 0,072 0,072

1,0 2 139 40 28,69 0,072 0,072
2,4 3 139 90 22,51 0,108 0,108
1,4 4 144 10 47,59 0,113 0,113
1,5 5 144 40 83,40 0,114 0,114
-0,6 6 144 90 155,88 0,118 0,118

2,5 7 139 10 38,02 0,127 0,127

3,0 8 139 40 6,63 0,129 0,129

3,4 9 139 90 13,26 0,145 0,145

-0,2 10 142 10 254,27 0,147 0,147

2,0 11 142 40 60,07 0,159 0,159

3,0 12 142 90 26,51 0,161 0,161
3,5 13 140 10 19,38 0,165 0,165
1,0 14 140 40 114,75 0,169 0,169
0,0 15 140 90 95,83 0,170 0,170
2,8 16 264 10 48,56 0,182 0,182

3,8 17 264 40 25,58 0,195 0,195

2,0 18 264 90 135,17 0,198 0,198

1,8 19 266 10 113,01 0,199 0,199

3,0 20 266 40 59,64 0,200 0,200

-0,5 21 266 90 219,99 0,212 0,212

0,4 22 264 10 128,47 0,214 0,214
0,0 23 264 40 383,34 0,225 0,225
3,4 24 264 90 53,03 0,230 0,230
2,4 25 266 10 90,05 0,234 0,234
0,5 26 266 40 253,15 0,235 0,235

-1,0 27 266 90 84,23 0,240 0,240

-0,6 28 268 10 623,53 0,251 0,251

1,5 29 268 40 333,62 0,251 0,251

3,5 30 268 90 77,53 0,261 0,261

1,0 31 384 10 258,20 0,277 0,277

3,8 32 384 40 102,33 0,282 0,282
1,4 33 384 90 190,37 0,287 0,287
3,4 34 387 10 119,31 0,288 0,288
0,0 35 387 40 862,51 0,290 0,290
-1,0 36 387 90 758,03 0,290 0,290

2,4 37 384 10 202,61 0,321 0,321

2,5 38 384 40 152,09 0,324 0,324

-1,0 39 384 90 336,90 0,328 0,328

1,4 40 384 10 428,34 0,334 0,334

3,8 41 384 40 230,25 0,336 0,336

3,5 42 384 90 174,44 0,351 0,351
2,8 43 386 10 194,26 0,353 0,353
-0,5 44 386 40 879,96 0,363 0,363
0,8 45 386 90 338,03 0,367 0,367
1,8 46 494 10 452,02 0,369 0,369

-0,6 47 494 40 1402,94 0,388 0,388

-0,2 48 494 90 1017,08 0,432 0,432

0,4 49 494 10 513,89 0,435 0,435

2,5 50 494 40 342,19 0,438 0,438

0,5 51 494 90 1012,61 0,446 0,446

2,8 52 494 10 437,08 0,477 0,477
1,5 53 494 40 750,64 0,484 0,484
0,4 54 494 90 1156,25 0,490 0,490
-0,5 55 503 10 1979,90 0,505 0,505
0,5 56 503 40 2278,36 0,574 0,574

0,8 57 503 90 1352,13 0,590 0,590

1,8 58 503 10 1017,05 0,635 0,635

-0,2 59 503 40 2288,42 0,647 0,647

0,8 60 503 90 3042,29 0,693 0,693

Class intervals of hole areas, mm
2Hole area, 

mm
2

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,     

J mm
-2
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Table 2 shows frequencies and relative frequencies calculated from table 1. 
 
Table 2   Frequencies and relative frequencies of hole areas. 
 

Class intervals of average 

hole areas, mm
2 Frequency, -

Relative 
frequency, -

0-0,1 2,00 0,03

0,1-0,2 18,00 0,30

0,2-0,3 16,00 0,27
0,3-0,4 11,00 0,18
0,4-0,5 7,00 0,12
0,5-0,6 3,00 0,05
0,6-0,7 3,00 0,05
SUM 60,00 1,00  

 
Histogram i.e. frequency distribution of table 2 is shown in figure 1. Relative frequencies are taken 
into account. 
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Figure 1.   Frequency distribution of hole areas. 
 
As it can be seen from figure 1, this frequency distribution obeys shape of normal distribution so 
definition of minimum, median and maximum range can be executed for this series. 
 
Table 3 shows how minimum, maximum and median ranges are calculated from table 1. 
 
Table 3   Definition of minimum, maximum and median range of hole areas. 

 

9 0,145

10 0,147

Maximum range 85th 0,85 x 60 =51 51 0,446

52 0,477

Median range
45th 

percentile
0,45 x 60 =27 27 0,240

28 0,251
55th 

percentile
0,55 x 60 =33 33 0,287

34 0,288

(0,55 x 0,287)+(0,45 x 0,288)= 0,287 0,287

0,246(0,45 x 0,240)+(0,55 x 0,251)= 0,246

(0,85 x 0,446)+(0,15 x 0,477)= 0,451 0,451

All values between   

0.246 ≤ A ≤ 0.287 mm
2 

belong to 45th -55th 
percentile

All values ≥ 0.451 mm
2 

belong to 85 th 

Hole area, mm
2 Comment

Minimum range
15th 

percentile
0,15 x 60 =9 (0,15 x 0,145)+(0,85 x 0,147)= 0,146 0,146 All values ≤ 0.146 mm

2 

belong to 15 th 

Definition Percentile Calculation
Number of 

incresing order Hole area, mm
2 Calculation
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Table 4 shows how minimum, maximum and median ranges are ranked from table 1 according to 
calculations of table 3. 
 
Table 4   Minimum, maximum and median range of hole areas. 
 

2,0 1 144 10 15,02 0,07
1,0 2 139 10 28,69 0,07
2,4 3 266 10 22,51 0,11
1,4 4 264 10 47,59 0,11

1,5 5 384 10 83,40 0,11

-0,6 6 268 10 155,88 0,12

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,     

J mm
-2

Hole area, 

mm
2

-0,6 28 268 40 623,53 0,25
1,5 29 384 40 333,62 0,25
3,5 30 384 40 77,53 0,26
1,0 31 139 90 258,20 0,28

3,8 32 494 40 102,33 0,28

1,4 33 264 40 190,37 0,29

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,     

J mm
-2

Hole area, 

mm
2

-0,5 55 386 90 1979,90 0,51
0,5 56 384 90 2278,36 0,57
0,8 57 503 40 1352,13 0,59
1,8 58 494 90 1017,05 0,64
-0,2 59 503 90 2288,42 0,65
0,8 60 503 90 3042,29 0,69

Minimum range of hole area

Maximum range of hole area

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,     

J mm
-2

Hole area, 

mm
2

Median range of hole area

 
 



   Appendix 32             1(3) 

 
               
                                 

Appendix 32 
 
Definition of minimum, median and maximum range of HAZ 
 
Table 1 shows results of HAZ with corresponding parameters arranged to increasing order of 
appearance and divided to class intervals. 
 
Table 1   HAZ with corresponding parameters arranged to increasing order of appearance and 

divided to class intervals. 
 

10-30 30-50 50-70 70-90 90-110 110-130 130-150 150-170

3,8 1 139 10 15,02 18,86 18,86

3,8 2 139 40 28,69 22,73 22,73

0,4 3 139 90 22,51 34,38 34,38

-1,0 4 144 10 47,59 39,24 39,24

3,0 5 144 40 83,40 42,55 42,55

0,0 6 144 90 155,88 42,81 42,81

3,0 7 139 10 38,02 43,55 43,55

-0,6 8 139 40 6,63 46,32 46,32

2,8 9 139 90 13,26 46,33 46,33

3,0 10 142 10 254,27 46,39 46,39

3,5 11 142 40 60,07 47,55 47,55

2,4 12 142 90 26,51 48,00 48,00

3,4 13 140 10 19,38 50,23 50,23

0,4 14 140 40 114,75 51,04 51,04

1,8 15 140 90 95,83 52,16 52,16

0,5 16 264 10 48,56 52,52 52,52

3,4 17 264 40 25,58 53,32 53,32

1,0 18 264 90 135,17 55,49 55,49

0,8 19 266 10 113,01 57,50 57,50

1,0 20 266 40 59,64 62,56 62,56

-1,0 21 266 90 219,99 62,58 62,58

0,0 22 264 10 128,47 62,99 62,99

2,5 23 264 40 383,34 65,18 65,18

1,4 24 264 90 53,03 69,35 69,35

-0,5 25 266 10 90,05 70,25 70,25

-1,0 26 266 40 253,15 70,81 70,81

2,0 27 266 90 84,23 74,83 74,83

2,8 28 268 10 623,53 75,52 75,52

1,5 29 268 40 333,62 76,76 76,76

0,5 30 268 90 77,53 77,76 77,76

-0,2 31 384 10 258,20 79,41 79,41

-0,5 32 384 40 102,33 79,70 79,70

3,5 33 384 90 190,37 81,32 81,32

-0,6 34 387 10 119,31 84,11 84,11

2,4 35 387 40 862,51 85,29 85,29

3,4 36 387 90 758,03 85,51 85,51

2,5 37 384 10 202,61 86,60 86,60

0,4 38 384 40 152,09 89,01 89,01

2,0 39 384 90 336,90 91,02 91,02

1,4 40 384 10 428,34 92,68 92,68

0,0 41 384 40 230,25 93,52 93,52

-0,6 42 384 90 174,44 95,41 95,41

0,8 43 386 10 194,26 98,85 98,85

-0,2 44 386 40 879,96 100,34 100,34

0,8 45 386 90 338,03 101,51 101,51

2,0 46 494 10 452,02 101,78 101,78

2,5 47 494 40 1402,94 103,25 103,25

3,8 48 494 90 1017,08 107,79 107,79

1,5 49 494 10 513,89 108,66 108,66

1,0 50 494 40 342,19 109,61 109,61

-0,5 51 494 90 1012,61 121,15 121,15

1,8 52 494 10 437,08 125,22 125,22

3,5 53 494 40 750,64 125,96 125,96

2,4 54 494 90 1156,25 127,24 127,24

0,5 55 503 10 1979,90 129,24 129,24

2,8 56 503 40 2278,36 130,01 130,01

1,8 57 503 90 1352,13 134,75 134,75

1,5 58 503 10 1017,05 145,59 145,59

1,4 59 503 40 2288,42 145,91 145,91

-0,2 60 503 90 3042,29 170,38 170,38

HAZ , %
Class intervals of HAZ , %Focal plane 

position, mm
Number of 

increasing order
Laser 

power, W
Pulse, ms

Fluence,    

J mm
-2
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Table 2 shows frequencies and relative frequencies calculated from table 1. 
 
Table 2   Frequencies and relative frequencies of HAZ. 
 

Class intervals of 

HAZ , mm
2 Frequency, -

Relative 
frequency, -

10-30 2,00 0,03

30-50 10,00 0,17

50-70 12,00 0,20

70-90 14,00 0,23

90-110 12,00 0,20

110-130 5,00 0,08

130-150 4,00 0,07

150-170 1,00 0,02

SUM 60,00 1,00  
 
Histogram i.e. frequency distribution of table 2 is shown in figure 1. Relative frequencies are taken 
into account. 
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Figure 1.   Frequency distribution of HAZ. 
 
As it can be seen from figure 1, this frequency distribution obeys shape of normal distribution so 
definition of minimum, median and maximum range can be executed for this series. 
 
Table 3 shows how minimum, maximum and median ranges are calculated from table 1. 
 
Table 3  Definition of minimum, maximum and median range of HAZ. 
 

6 42,807

7 43,550

54 127,236

55 129,239

27 74,829

28 75,525

33 81,319

34 84,111

Median range

45th 
percentile

Maximum range
90th 

percentile

Minimum range
10th 

percentile

Definition Percentile

0,45 x 60 =27 (0,45 x 74,829)+(0,55 x 75,525)= 75,212 75,212 All values between         
75,212 ≤ HAZ  ≤ 82,575 % 

belong to 45th -55th 
percentile

55th 
percentile

0,55 x 60 =33 (0,55 x 81,319)+(0,45 x 84,111)= 82,575 82,575

0,90 x 60 =54 (0,9 x 0,490)+(0,1 x 0,505)= 127,436 127,436
All values ≥ 127,436 % 

belong to 90th percentile

Calculation HAZ , % Comment

0,10 x 60 =6 (0,10 x 42,807)+(0,9 x 43,55)= 43,476 43,476
All values ≤ 43,476% belong 

to 10th percentile

Calculation
Number of incresing 

order
HAZ , %
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Table 4 shows how minimum, maximum and median ranges are ranked from table 1 according to 
calculations of table 3. 
 
Table 4   Minimum, maximum and median range of HAZ. 
 

3,8 1 494 40 102,33 18,86

3,8 2 494 90 230,25 22,73

0,4 3 266 90 1156,25 34,38

-1,0 4 140 10 84,23 39,24

3,0 5 139 90 59,64 42,55

0,0 6 142 10 95,83 42,81

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 HAZ, %

2,80 28 494,33 40,00 194,26 75,52

1,50 29 383,63 90,00 750,64 76,76

0,50 30 383,63 90,00 2278,36 77,76

-0,20 31 502,78 40,00 1017,08 79,41

-0,50 32 386,17 40,00 879,96 79,70

3,50 33 383,63 40,00 77,53 81,32

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 HAZ, %

0,50 55 383,63 10,00 253,15 129,24

2,80 56 494,33 10,00 48,56 130,01

1,80 57 494,33 10,00 113,01 134,75

1,50 58 383,63 10,00 83,40 145,59

1,40 59 264,49 10,00 47,59 145,91

-0,20 60 502,78 10,00 254,27 170,38

Minimum range of HAZ

Maximum range of HAZ

Median range of HAZ

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 HAZ, %
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Appendix 33 
 
Definition of minimum, median and maximum range of ΔHAZ 
 
Table 1 shows results of ΔHAZ with corresponding parameters arranged to increasing order of 
appearance and divided to class intervals. 
 
Table 1   ΔHAZ with corresponding parameters arranged to increasing order of appearance and 

divided to class intervals. 
 

< 0 0-20 20-40 40-60 60-80 80-100 100-120 120-140

1 3,80 494,33 40,00 102,33 -15,06 -15,06

2 3,80 494,33 90,00 230,25 -10,01 -10,01

3 3,00 138,58 10,00 6,63 -0,13 -0,13

4 3,00 138,58 90,00 59,64 0,12 0,12

5 3,00 138,58 40,00 26,51 1,15 1,15

6 3,40 264,49 90,00 119,31 6,68 6,68

7 0,00 141,96 10,00 95,83 7,13 7,13

8 -1,00 140,27 10,00 84,23 8,96 8,96

9 3,40 264,49 40,00 53,03 11,47 11,47

10 0,40 266,18 90,00 1156,25 13,52 13,52

11 2,40 266,18 90,00 202,61 13,80 13,80

12 3,50 383,63 90,00 174,44 15,05 15,05

13 1,00 138,58 10,00 28,69 17,06 17,06

14 1,00 138,58 90,00 258,20 19,22 19,22

15 -0,60 267,87 90,00 1402,94 20,74 20,74

16 0,50 383,63 40,00 1012,61 24,83 24,83

17 2,80 494,33 90,00 437,08 25,27 25,27

18 0,40 266,18 40,00 513,89 25,86 25,86

19 2,00 144,50 40,00 60,07 26,33 26,33

20 1,80 494,33 90,00 1017,05 26,60 26,60

21 0,00 141,96 90,00 862,51 27,08 27,08

22 -0,20 502,78 40,00 1017,08 32,80 32,80

23 2,50 387,01 90,00 342,19 35,74 35,74

24 -1,00 140,27 40,00 336,90 36,97 36,97

25 -1,00 140,27 90,00 758,03 38,97 38,97

26 0,80 502,78 40,00 1352,13 39,61 39,61

27 3,40 264,49 10,00 13,26 40,39 40,39

28 1,40 264,49 40,00 190,37 40,66 40,66

29 -0,60 267,87 40,00 623,53 43,11 43,11

30 2,80 494,33 40,00 194,26 43,50 43,50

31 2,40 266,18 40,00 90,05 45,38 45,38

32 -0,50 386,17 90,00 1979,90 46,44 46,44

33 3,50 383,63 40,00 77,53 46,56 46,56

34 1,50 383,63 90,00 750,64 46,79 46,79

35 2,50 387,01 10,00 38,02 48,93 48,93

36 2,00 144,50 90,00 135,17 50,23 50,23

37 2,00 144,50 10,00 15,02 53,43 53,43

38 2,50 387,01 40,00 152,09 54,32 54,32

39 0,50 383,63 90,00 2278,36 54,73 54,73

40 -0,60 267,87 10,00 155,88 56,48 56,48

41 -0,50 386,17 40,00 879,96 57,76 57,76

42 0,40 266,18 10,00 128,47 58,87 58,87

43 0,00 141,96 40,00 383,34 60,70 60,70

44 1,40 264,49 90,00 428,34 64,91 64,91

45 1,80 494,33 10,00 113,01 65,31 65,31

46 1,00 138,58 40,00 114,75 66,83 66,83

47 2,40 266,18 10,00 22,51 73,35 73,35

48 0,80 502,78 10,00 338,03 73,84 73,84

49 3,50 383,63 10,00 19,38 76,08 76,08

50 3,80 494,33 10,00 25,58 76,28 76,28

51 0,80 502,78 90,00 3042,29 76,29 76,29

52 -0,20 502,78 90,00 2288,42 80,20 80,20

53 -0,50 386,17 10,00 219,99 85,65 85,65

54 2,80 494,33 10,00 48,56 88,62 88,62

55 1,50 383,63 40,00 333,62 89,06 89,06

56 1,80 494,33 40,00 452,02 94,63 94,63

57 1,50 383,63 10,00 83,40 96,94 96,94

58 0,50 383,63 10,00 253,15 97,50 97,50

59 1,40 264,49 10,00 47,59 100,42 100,42

60 -0,20 502,78 10,00 254,27 126,08 126,08

∆HAZ , %Test ID
Focal plane 

position, mm
Laser 

power, W
Pulse, ms

Fluence,    

J mm
-2

Class intervals of ΔHAZ , %
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Table 2 shows frequencies and relative frequencies calculated from table 1. 
 
Table 2   Frequencies and relative frequencies of ΔHAZ. 
 

Class intervals of 
ΔHAZ , %

Frequency, -
Relative 

frequency, -

< 0 3,00 0,05

0-20 11,00 0,18

20-40 12,00 0,20

40-60 16,00 0,27

60-80 9,00 0,15

80-100 7,00 0,12

100-120 1,00 0,02

120-140 1,00 0,02

SUM 60,00 1,00  
 
Histogram i.e. frequency distribution of table 2 is shown in figure 1. Relative frequencies are taken 
into account. 
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Figure 1.   Frequency distribution of ΔHAZ. 
 
As it can be seen from figure 1, this frequency distribution obeys shape of normal distribution so 
definition of minimum, median and maximum range can be executed for this series. 
 
Table 3 shows how minimum, maximum and median ranges are calculated from table 1. 
 
Table 3   Definition of minimum, maximum and median range of ΔHAZ. 
 

6 6,683

7 7,125

54 88,617

55 89,060

27 40,386

28 40,661

33 46,562

34 46,787

Calculation ΔHAZ , % Comment

Minimum 
range

10th 
percentile

0,10 x 60 =6 (0,10 x 6,683)+(0,9 x 7,125)= 7,081 7,081
All values ≤ 7,081 % belong to 10th 

percentile

Definition Percentile Calculation
Number of 

incresing order ΔHAZ , %

All values ≥ 88,661 % belong to 90th 
percentile

Median 
range

45th 
percentile

0,45 x 60 =27 (0,45 x 40,386)+(0,55 x 40,661)= 40,537 40,537
All values between 40,537 ≤ ΔHAZ ≤ 

40,663 % belong to 45th -55th percentile55th 
percentile

0,55 x 60 =33 (0,55 x 46,562)+(0,45 x 46,787)= 40,663 40,663

Maximum 
range

90th 
percentile

0,90 x 60 =54 (0,9 x 88,617)+(0,1 x 89,060)= 88,661 88,661
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Table 4 shows how minimum, maximum and median ranges are ranked from table 1 according to 
calculations of table 3. 
 
Table 4   Minimum, maximum and median range of ΔHAZ. 
 

3,8 1 494 40 102,33 -15,06

3,8 2 494 90 230,25 -10,01

3,0 3 139 10 6,63 -0,13

3,0 4 139 90 59,64 0,12

3,0 5 139 40 26,51 1,15

3,4 6 264 90 119,31 6,68

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 ΔHAZ , %

1,4 28 264 40 190,37 40,66

-0,6 29 268 40 623,53 43,11

2,8 30 494 40 194,26 43,50

2,4 31 266 40 90,05 45,38

-0,5 32 386 90 1979,90 46,44

3,5 33 384 40 77,53 46,56

1,5 55 384 40 333,62 89,06

1,8 56 494 40 452,02 94,63

1,5 57 384 10 83,40 96,94

0,5 58 384 10 253,15 97,50

1,4 59 264 10 47,59 100,42

-0,2 60 503 10 254,27 126,08

Minimum range of HAZ

Median range of HAZ

Maximum range of HAZ

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 ∆HAZ , %

ΔHAZ , %
Focal plane 

position, mm
Number of 

increasing order
Laser 

power, W
Pulse, ms

Fluence,    

J mm
-2
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Appendix 34 
 
Definition of minimum, median and maximum range of conicality 
 
Table 1 shows results of conicality with corresponding parameters arranged to increasing order of 
appearance and divided to class intervals. 
 
Table 1   Conicality with corresponding parameters arranged to increasing order of appearance 

and divided to class intervals. 
 

80-85 85-90 90-95 95-100 100-105 105-110
1 -0,20 503 40 1017,08 83,02 83,02
2 1,0 139 40 114,75 89,76 89,76
3 1,4 264 10 47,59 91,20 91,20
4 1,5 384 90 750,64 93,65 93,65
5 2,4 266 10 22,51 94,50 94,50
6 2,8 494 10 48,56 94,56 94,56
7 0,8 503 10 338,03 94,99 94,99
8 2,0 144 10 15,02 95,11 95,11
9 2,5 387 10 38,02 95,22 95,22
10 1,8 494 40 452,02 95,37 95,37
11 0,4 266 10 128,47 95,46 95,46
12 1,8 494 90 1017,05 95,55 95,55
13 1,0 139 90 258,20 96,09 96,09
14 -0,5 386 10 219,99 96,23 96,23
15 0,8 503 40 1352,13 96,47 96,47
16 3,4 264 40 53,03 96,83 96,83
17 -1,0 140 40 336,90 96,88 96,88
18 -0,6 268 90 1402,94 97,19 97,19
19 0,0 142 10 95,83 97,43 97,43
20 -1,0 140 10 84,23 97,43 97,43
21 0,5 384 40 1012,61 97,62 97,62
22 2,0 144 40 60,07 97,83 97,83
23 1,4 264 40 190,37 97,86 97,86
24 0,0 142 90 862,51 97,96 97,96
25 2,5 387 40 152,09 98,07 98,07
26 3,5 384 10 19,38 98,11 98,11
27 1,8 494 10 113,01 98,12 98,12
28 1,0 139 10 28,69 98,14 98,14
29 2,8 494 40 194,26 98,22 98,22
30 2,4 266 40 90,05 98,37 98,37
31 3,8 494 10 25,58 98,43 98,43
32 3,0 139 10 6,63 98,48 98,48
33 3,0 139 90 59,64 98,92 98,92
34 -0,2 503 10 254,27 98,98 98,98
35 2,0 144 90 135,17 99,00 99,00
36 3,4 264 10 13,26 99,07 99,07
37 1,4 264 90 428,34 99,08 99,08
38 2,4 266 90 202,61 99,39 99,39
39 3,0 139 40 26,51 99,44 99,44
40 0,4 266 40 513,89 99,89 99,89
41 -1,0 140 90 758,03 100,00 100,00
42 3,4 264 90 119,31 100,01 100,01
43 -0,5 386 40 879,96 100,08 100,08
44 0,4 266 90 1156,25 100,12 100,12
45 -0,6 268 10 155,88 100,62 100,62
46 1,5 384 10 83,40 100,63 100,63
47 -0,6 268 40 623,53 100,68 100,68
48 -0,5 386 90 1979,90 100,69 100,69
49 3,8 494 40 102,33 100,84 100,84
50 3,8 494 90 230,25 101,09 101,09
51 3,5 384 90 174,44 101,56 101,56
52 2,5 387 90 342,19 102,39 102,39
53 2,8 494 90 437,08 102,85 102,85
54 3,5 384 40 77,53 103,07 103,07
55 0,5 384 90 2278,36 103,62 103,62
56 0,0 142 40 383,34 103,78 103,78
57 0,5 384 10 253,15 104,63 104,63
58 -0,2 503 90 2288,42 105,54 105,54
59 0,8 503 90 3042,29 107,93 107,93
60 1,5 384 40 333,62 108,61 108,61

Class intervals of conicality, %
Test ID

Focal plane 
position, mm

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 Conicality, %
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Table 2 shows frequencies and relative frequencies calculated from table 1. 
 
Table 2   Frequencies and relative frequencies of conicality. 
 

Class intervals of 
conicality, %

Frequency, - Relative frequency, -

80-85 1,00 0,02

85-90 1,00 0,02

90-95 5,00 0,08

95-100 34,00 0,57

100-105 16,00 0,27

105-110 3,00 0,05

SUM 60,00 1,00  
 
Histogram i.e. frequency distribution of table 2 is shown in figure 1. Relative frequencies are taken 
into account. 
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Figure 1.   Frequency distribution of conicality. 
 
As it can be seen from figure 1, this frequency distribution obeys shape of normal distribution so 
definition of minimum, median and maximum range can be executed for this series. 
 
Table 3 shows how minimum, maximum and median ranges are calculated from table 1. 
 
Table 3   Definition of minimum, maximum and median range of conicality. 

 

6 94,560

7 94,994

54 103,075

55 103,624

27 98,122

28 98,143

33 98,917

34 98,976

Maximum 
range

Concavity, % Comment

Minimum 
range

10th 
percentile

0,10 x 60 =6 (0,10 x 94,560)+(0,9 x 94,994)= 94,951 94,951
All values ≤ 94,951 % belong 

to 10th percentile

Definition Percentile Calculation
Number of 

incresing order
Conicality, % Calculation

90th 
percentile

0,90 x 60 =54 (0,9 x 103,075)+(0,1 x 103,624)= 103,130 103,130

All values between         
98,134 ≤ conicality ≤ 98,944 % 

belong to 45th -55th 
percentile

55th 
percentile

0,55 x 60 =33 (0,55 x 98,917)+(0,45 x 98,976)= 98,944 98,944

All values ≥ 103,130 % 
belong to 90th percentile

Median 
range

45th 
percentile

0,45 x 60 =27 (0,45 x 98,122)+(0,55 x 98,143)= 98,134 98,134
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Table 4 shows how minimum, maximum and median ranges are ranked from table 1 according to 
calculations of table 3. 
 
Table 4   Minimum, maximum and median range of conicality. 
 

-0,2 1 503 40 1017,08 83,02
1,0 2 139 40 114,75 89,76
1,4 3 264 10 47,59 91,20
1,5 4 384 90 750,64 93,65
2,4 5 266 10 22,51 94,50
2,8 6 494 10 48,56 94,56

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 Conicality, %

1,0 28 139 10 28,69 98,14
2,8 29 494 40 194,26 98,22
2,4 30 266 40 90,05 98,37
3,8 31 494 10 25,58 98,43
3,0 32 139 10 6,63 98,48
3,0 33 139 90 59,64 98,92

0,5 55 384 90 2278,36 103,62
0,0 56 142 40 383,34 103,78
0,5 57 384 10 253,15 104,63
-0,2 58 503 90 2288,42 105,54
0,8 59 503 90 3042,29 107,93
1,5 60 384 40 333,62 108,61

Minimum range of conicality

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 Conicality, %

Median range of conicality

Maximum range of conicality

Focal plane 
position, mm

Number of 
increasing order

Laser 
power, W

Pulse, ms
Fluence,    

J mm
-2 Conicality, %
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Appendix 35 
 

Beam profiles, BCAImin, BCAImax, BIR and peak intensity values 
 

Table 1 shows beam profiles, BCAImin, BCAImax, BIR and peak intensity values of each laser power 
and focal plane position combinations. 
 

Table 1   Beam profiles, BCAImin, BCAImax, BIR and peak intensity values of each laser power 
and focal plane position combinations. 

 

 
Average laser power 

141 W 266 W 385 W 498 W 

Average 
focal 
plane 

position 

3.4 mm 

BCAImax, mm2 0.00465 0.01292 0.00622 0.01302 
PImax, kW/cm2 358 404 680 750 
BCAImin, mm2 0.16600 0.20470 0.16667 0.18806 
PImin, kW/cm2 72 81 136 150 

BIR, % 2.80 6.31 3.73 6.92 

2.4 mm 

BCAImax, mm2 0.00073 0.00172 0.00230 0.00789 
PImax, kW/cm2 774 825 1470 1380 

BCAImax
 0.08047 0.04117 0.08568 0.08474 

PImin, kW/cm2 155 165 294 276 
BIR, % 0.91 4.18 2.68 9.31 

1.4 mm 

BCAImax, mm2 0.00237 0.00543 0.00385 0.00373 
PImax, kW/cm2 1320 1440 2530 3189 

BCAImax
 0.03654 0.04870 0.04048 0.03685 

PImin, kW/cm2 264 287 505 638 
BIR, % 6.48 11.14 9.52 10.12 

0.4 mm 

BCAImax, mm2 0.00090 0.00149 0.00110 0.00098 
PImax, kW/cm2 4310 4500 8150 12380 

BCAImax
 0.01334 0.01678 0.01383 0.01377 

PImin, kW/cm2 863 900 1630 2480 
BIR, % 6.75 8.87 7.93 7.15 

-0.6 mm 

BCAImax, mm2 0.00056 0.00144 0.00121 0.00311 
PImax, kW/cm2 4020 4960 7280 7550 

BCAImax
 0.01345 0.01607 0.01547 0.03774 

PImin, kW/cm2 804 992 1460 1510 
BIR, % 4.15 8.95 7.81 8.25 
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Appendix 36 
 
Analysis of I-I parameters vs. BHR100 and BHR86  
 
Table 1 shows equations of natural logarithm curves of I-I parameters vs. BHR100/BHR86. Table 1 
also illustrates first derivates calculated for these equations. 
 
Table 1  Equations of natural logarithm curves and their first derivates of BHR100/BHR86. 
 

  BHR100 BHR86 
I-I 

parameter 
 f(x) f’(x) f(x) f´(x) 

Fluence  f(x) = -27.27 ln x + 186.02 
f´(x) = -27.27 

             x 
f(x) = -25.92 ln x + 176.82 

f´(x) = -25.92 
             x 

Fluence 
(average 

laser 
power) 

141 W f(x) = -34.06 ln x + 208.94 
f´(x) = -34.06 

             x 
f(x) = -31.54 ln x + 193.78 

f´(x) = -31.54 
             x 

266 W f(x) = -36.07 ln x + 250.51 
f´(x) = -36.07 

             x 
f(x) = -35.23 ln x + 234.11 

f´(x) = -35.23 
             x 

385 W f(x) = -22.60 ln x + 158.49 
f´(x) = -22.60 

            x
f(x) = -21.60 ln x + 151.48 

f´(x) = -21.60 
             x

498 W f(x) = -18.16 ln x + 123.42 
f´(x) = -18.16 

             x 
f(x) = -17.49 ln x + 127.79 

f´(x) = -17.49 
             x 

Fluence 
(pulse 
length) 

10 ms f(x) = -48.29 ln x + 259.31 
f´(x) = -48.29 

             x 
f(x) = -45.93 ln x + 246.62 

f´(x) = -45.93 
             x 

40 ms f(x) = -31.59 ln x + 209.00 
f´(x) = -31.59 

             x 
f(x) = -29.99 ln x + 198.44 

f´(x) = -29.99 
             x 

90 ms f(x) = -25.19 ln x + 112.23 
f´(x) = -25.19 

             x 
f(x) = -23.92 ln x + 176.76 

f´(x) = -23.92 
             x 

Fluence 
(average 

focal 
plane 

position) 

3.4 mm f(x) = -29.60 ln x + 218.79 
f´(x) = -29.60 

             x 
f(x) = -27.08 ln x + 204.11 

f´(x) = -27.08 
             x 

2.4 mm f(x) = -36.35 ln x + 230.05 
f´(x) = -36.35 

             x 
f(x) = -35.00 ln x + 221.11 

f´(x) = -35.00 
             x 

1.4 mm f(x) = -18.25 ln x + 125.84 
f´(x) = -18.25 

             x 
f(x) = -17.12 ln x + 118.22 

f´(x) = -17.12 
             x 

0.4 mm f(x) = -2.25 ln x + 20.23 
f´(x) = - 2.25 

             x 
f(x) = -2.01 ln x + 18.04 

f´(x) = -2.01 
             x 

-0.6 mm f(x) = -1.63 ln x + 16.44 
f´(x) = -1.634 

             x 
f(x) = -1.53 ln x + 15.37 

f´(x) = -1.53 
             x 
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Fluence vs. BHR100 
 
Figure 1 illustrates curve of first derivate of fluence vs. BHR100. 
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Figure 1. a) General view and b) zoomed view of curve of first derivate of fluence vs. BHR100. 
 
Figure 1 shows that f´(x) approaches value -0.1, when x approaches 275 J mm-2. Table 2 shows 
detailed inspection of f´(x) values around x = 275 J mm-2. 
 
Table 2  Detailed inspection of f´(x) values around x = 275 J mm-2. 
 

x f´(x) 
270 -0.1010 
271 -0.1006 
272 -0.1003 
273 -0.0999 
274 -0.0995 
275 -0.0992 
276 -0.0988 
277 -0.0984 
278 -0.0981 
279 -0.0977 
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Fluence as function of average laser power vs. BHR100 
 
Figure 2 illustrates curve of first derivate of fluence as function of average laser power vs. BHR100. 
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Figure 2. a) General view and b) zoomed view of curve of first derivate of fluence as function 

of average laser power vs. BHR100. 
 
Figure 2 illustrates that f´(x) approaches value -0.1, when x approaches range of 150-380 J mm-2. 
Table 3 shows detailed inspection of f´(x) values around x = 150-380 J mm-2. 
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Table 3  Detailed inspection of f´(x) values around x = 150-380 J mm-2. 
 

x 
f´(x) 

141 W 266 W 385 W 498 W 
150 -0.2271 -0.2405 -0.1507 -0.1211 
160 -0.2129 -0.2254 -0.1413 -0.1135 
170 -0.2004 -0.2122 -0.1329 -0.1068
175 -0.1946 -0.2061 -0.1291 -0.1038 
180 -0.1892 -0.2004 -0.1256 -0.1009 
181 -0.1882 -0.1993 -0.1249 -0.1003 
182 -0.1871 -0.1982 -0.1242 -0.0998 
183 -0.1861 -0.1971 -0.1235 -0.0992 
184 -0.1851 -0.1960 -0.1228 -0.0987 
185 -0.1841 -0.1950 -0.1222 -0.0982 
190 -0.1793 -0.1898 -0.1189 -0.0956 
200 -0.1703 -0.1804 -0.1130 -0.0908 
210 -0.1622 -0.1718 -0.1076 -0.0865
220 -0.1548 -0.1640 -0.1027 -0.0825 
225 -0.1514 -0.1603 -0.1004 -0.0807 
226 -0.1507 -0.1596 -0.1000 -0.0804 
227 -0.1500 -0.1589 -0.0996 -0.0800 
228 -0.1494 -0.1582 -0.0991 -0.0796 
229 -0.1487 -0.1575 -0.0987 -0.0793 
230 -0.1481 -0.1568 -0.0983 -0.0790 
240 -0.1419 -0.1503 -0.0942 -0.0757 
250 -0.1362 -0.1443 -0.0904 -0.0726 
260 -0.1310 -0.1387 -0.0869 -0.0698
270 -0.1261 -0.1336 -0.0837 -0.0673 
280 -0.1216 -0.1288 -0.0807 -0.0649 
290 -0.1174 -0.1244 -0.0779 -0.0626 
300 -0.1135 -0.1202 -0.0753 -0.0605 
310 -0.1099 -0.1164 -0.0729 -0.0586 
320 -0.1064 -0.1127 -0.0706 -0.0568 
330 -0.1032 -0.1093 -0.0685 -0.0550 
340 -0.1002 -0.1061 -0.0665 -0.0534 
341 -0.0999 -0.1058 -0.0663 -0.0533 
342 -0.0996 -0.1055 -0.0661 -0.0531 
343 -0.0993 -0.1052 -0.0659 -0.0529 
344 -0.0990 -0.1049 -0.0657 -0.0528 
345 -0.0987 -0.1046 -0.0655 -0.0526 
350 -0.0973 -0.1031 -0.0646 -0.0519 
360 -0.0946 -0.1002 -0.0628 -0.0504 
361 -0.0943 -0.0999 -0.0626 -0.0503 
362 -0.0941 -0.0996 -0.0624 -0.0502 
363 -0.0938 -0.0994 -0.0623 -0.0500 
364 -0.0936 -0.0991 -0.0621 -0.0499 
365 -0.0933 -0.0988 -0.0619 -0.0498 
370 -0.0921 -0.0975 -0.0611 -0.0491 
380 -0.0896 -0.0949 -0.0595 -0.0478 

 
 
Fluence as function of pulse length vs. BHR100 
 
Figure 3 illustrates curve of first derivate of fluence as function of pulse length vs. BHR100. 
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Figure 3. a) General view and b) zoomed view of curve of first derivate of fluence as function 

of pulse length vs. BHR100. 
 
Figure 3 shows that f´(x) approaches value -0.1, when x approaches range of 250-550 J mm-2. Table 
4 shows detailed inspection of f´(x) values around x = 250-550 J mm-2. 
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Table 4 Detailed inspection of f´(x) values around x = 250-550 J mm-2. 
 

x 
f´(x) 

10 ms 40 ms 90 ms 
250 -0.1932 -0.1264 -0.1008 
251 -0.1924 -0.1259 -0.1004 
252 -0.1916 -0.1254 -0.1000 
253 -0.1909 -0.1249 -0.0996 
254 -0.1901 -0.1244 -0.0992 
255 -0.1894 -0.1239 -0.0988 
260 -0.1857 -0.1215 -0.0969 
270 -0.1789 -0.1170 -0.0933 
275 -0.1756 -0.1149 -0.0916 
300 -0.1610 -0.1053 -0.0840 
315 -0.1533 -0.1003 -0.0800 
316 -0.1528 -0.1000 -0.0797 
317 -0.1523 -0.0997 -0.0795
318 -0.1519 -0.0993 -0.0792 
319 -0.1514 -0.0990 -0.0790 
320 -0.1509 -0.0987 -0.0787 
325 -0.1486 -0.0972 -0.0775 
350 -0.1380 -0.0903 -0.0720 
375 -0.1288 -0.0842 -0.0672 
400 -0.1207 -0.0790 -0.0630 
425 -0.1136 -0.0743 -0.0593 
450 -0.1073 -0.0702 -0.0560 
475 -0.1017 -0.0665 -0.0530
480 -0.1006 -0.0658 -0.0525 
481 -0.1004 -0.0657 -0.0524 
482 -0.1002 -0.0655 -0.0523 
483 -0.1000 -0.0654 -0.0522 
484 -0.0998 -0.0653 -0.0520 
485 -0.0996 -0.0651 -0.0519 
500 -0.0966 -0.0632 -0.0504 
525 -0.0920 -0.0602 -0.0480 
550 -0.0878 -0.0574 -0.0458 

 
 
Fluence as function of average focal plane position vs. to BHR100 
 
Figure 4 illustrates curve of first derivate of fluence as function of average focal plane position vs. 
BHR100. 
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Figure 4. a) General view and b) zoomed view of curve of first derivate of fluence as function 

of average focal plane position vs. BHR100. 
 
Figure 4 reveals that f´(x) approaches value -0.1, when x approaches range of 0-400 J mm-2. Table 5 
shows detailed inspection of f´(x) values around x = 0-400 J mm-2. 
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Table 5 Detailed inspection of f´(x) values around x = 0-400 J mm-2. 
 

x 
f´(x) 

3.4 mm 2.4 mm 1.4 mm 0.4 mm -0.6 mm 
0.00001 -2960000.0000 -3635000.0000 -1825000.0000 -225100.0000 -163400.0000 
0.0001 -296000.0000 -363500.0000 -182500.0000 -22510.0000 -16340.0000 

0.001 -29600.0000 -36350.0000 -18250.0000 -2251.0000 -1634.0000 
0.01 -2960.0000 -3635.0000 -1825.0000 -225.1000 -163.4000 
0.1 -296.0000 -363.5000 -182.5000 -22.5100 -16.3400 

1 -29.6000 -36.3500 -18.2500 -2.2510 -1.6340 
10 -2.9600 -3.6350 -1.8250 -0.2251 -0.1634 
15 -1.9733 -2.4233 -1.2167 -0.1501 -0.1089 
16 -1.8500 -2.2719 -1.1406 -0.1407 -0.1021 
17 -1.7412 -2.1382 -1.0735 -0.1324 -0.0961 
20 -1.4800 -1.8175 -0.9125 -0.1126 -0.0817 
21 -1.4095 -1.7310 -0.8690 -0.1072 -0.0778 
22 -1.3455 -1.6523 -0.8295 -0.1023 -0.0743 
23 -1.2870 -1.5804 -0.7935 -0.0979 -0.0710 
24 -1.2333 -1.5146 -0.7604 -0.0938 -0.0681 
25 -1.1840 -1.4540 -0.7300 -0.0900 -0.0654 
50 -0.5920 -0.7270 -0.3650 -0.0450 -0.0327 
55 -0.5382 -0.6609 -0.3318 -0.0409 -0.0297 
56 -0.5286 -0.6491 -0.3259 -0.0402 -0.0292 
57 -0.5193 -0.6377 -0.3202 -0.0395 -0.0287 
58 -0.5103 -0.6267 -0.3147 -0.0388 -0.0282 
59 -0.5017 -0.6161 -0.3093 -0.0382 -0.0277 
60 -0.4933 -0.6058 -0.3042 -0.0375 -0.0272 
75 -0.3947 -0.4847 -0.2433 -0.0300 -0.0218 

100 -0.2960 -0.3635 -0.1825 -0.0225 -0.0163 
125 -0.2368 -0.2908 -0.1460 -0.0180 -0.0131 
150 -0.1973 -0.2423 -0.1217 -0.0150 -0.0109 
175 -0.1691 -0.2077 -0.1043 -0.0129 -0.0093 
180 -0.1644 -0.2019 -0.1014 -0.0125 -0.0091 
181 -0.1635 -0.2008 -0.1008 -0.0124 -0.0090 
182 -0.1626 -0.1997 -0.1003 -0.0124 -0.0090 
183 -0.1617 -0.1986 -0.0997 -0.0123 -0.0089 
184 -0.1609 -0.1976 -0.0992 -0.0122 -0.0089 
185 -0.1600 -0.1965 -0.0986 -0.0122 -0.0088 
200 -0.1480 -0.1818 -0.0913 -0.0113 -0.0082 
225 -0.1316 -0.1616 -0.0811 -0.0100 -0.0073 
230 -0.1287 -0.1580 -0.0793 -0.0098 -0.0071 
231 -0.1281 -0.1574 -0.0790 -0.0097 -0.0071 
232 -0.1276 -0.1567 -0.0787 -0.0097 -0.0070 
233 -0.1270 -0.1560 -0.0783 -0.0097 -0.0070 
234 -0.1265 -0.1553 -0.0780 -0.0096 -0.0070 
235 -0.1260 -0.1547 -0.0777 -0.0096 -0.0070 
250 -0.1184 -0.1454 -0.0730 -0.0090 -0.0065 
275 -0.1076 -0.1322 -0.0664 -0.0082 -0.0059 
295 -0.1003 -0.1232 -0.0619 -0.0076 -0.0055 
296 -0.1000 -0.1228 -0.0617 -0.0076 -0.0055 
297 -0.0997 -0.1224 -0.0614 -0.0076 -0.0055 
298 -0.0993 -0.1220 -0.0612 -0.0076 -0.0055 
299 -0.0990 -0.1216 -0.0610 -0.0075 -0.0055 
300 -0.0987 -0.1212 -0.0608 -0.0075 -0.0054 
325 -0.0911 -0.1118 -0.0562 -0.0069 -0.0050 
350 -0.0846 -0.1039 -0.0521 -0.0064 -0.0047 
360 -0.0822 -0.1010 -0.0507 -0.0063 -0.0045 
361 -0.0820 -0.1007 -0.0506 -0.0062 -0.0045 
362 -0.0818 -0.1004 -0.0504 -0.0062 -0.0045 
363 -0.0815 -0.1001 -0.0503 -0.0062 -0.0045 
364 -0.0813 -0.0999 -0.0501 -0.0062 -0.0045 
365 -0.0811 -0.0996 -0.0500 -0.0062 -0.0045 
375 -0.0789 -0.0969 -0.0487 -0.0060 -0.0044 
400 -0.0740 -0.0909 -0.0456 -0.0056 -0.0041 

 
 
Fluence vs. BHR86 
 
Figure 5 illustrates curve of first derivate of fluence vs. BHR86. 
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Figure 5. a) General view and b) zoomed view of curve of first derivate of fluence vs. BHR86. 
 
Figure 5 shows that f´(x) approaches value -0.1, when x approaches range of 200-300 J mm-2. Table 
6 shows detailed inspection of f´(x) values around x = 200-300 J mm-2. 
 
Table 6 Detailed inspection of f´(x) values around x = 200-300 J mm-2.  
 

x f´(x) 
200 -0.1296 
210 -0.1234 
220 -0.1178 
230 -0.1127 
240 -0.1080 
250 -0.1037 
257 -0.1009 
258 -0.1005 
259 -0.1001 
260 -0.0997 
270 -0.0960 
280 -0.0926 
290 -0.0894 
300 -0.0864 
200 -0.1296 
210 -0.1234 
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Fluence as function of average laser power vs. BHR86 
 
Figure 6 illustrates curve of first derivate of fluence as function of average laser power vs. BHR86. 
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Figure 6. a) General view and b) zoomed view of curve of first derivate of fluence as function 

of average laser power vs. BHR86. 
 
Figure 6 shows that f´(x) approaches value -0.1, when x approaches range of 150-400 J mm-2. Table 
7 shows detailed inspection of f´(x) values around x = 150-400 J mm-2. 
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Table 7  Detailed inspection of f´(x) values around x = 150-400 J mm-2. 
  

x 
f´(x) 

141 W 266 W 385 W 498 W 
150 -0.2103 -0.2349 -0.1440 -0.1166 
170 -0.1855 -0.2072 -0.1271 -0.1029 
171 -0.1844 -0.2060 -0.1263 -0.1023 
172 -0.1834 -0.2048 -0.1256 -0.1017 
173 -0.1823 -0.2036 -0.1249 -0.1011 
174 -0.1813 -0.2025 -0.1241 -0.1005 
175 -0.1802 -0.2013 -0.1234 -0.0999 
200 -0.1577 -0.1762 -0.1080 -0.0875 
215 -0.1467 -0.1639 -0.1005 -0.0813 
216 -0.1460 -0.1631 -0.1000 -0.0810 
217 -0.1453 -0.1624 -0.0995 -0.0806 
218 -0.1447 -0.1616 -0.0991 -0.0802 
219 -0.1440 -0.1609 -0.0986 -0.0799 
220 -0.1434 -0.1601 -0.0982 -0.0795 
225 -0.1402 -0.1566 -0.0960 -0.0777 
250 -0.1262 -0.1409 -0.0864 -0.0700 
275 -0.1147 -0.1281 -0.0785 -0.0636 
300 -0.1051 -0.1174 -0.0720 -0.0583 
315 -0.1001 -0.1118 -0.0686 -0.0555 
316 -0.0998 -0.1115 -0.0684 -0.0553 
317 -0.0995 -0.1111 -0.0681 -0.0552 
318 -0.0992 -0.1108 -0.0679 -0.0550 
319 -0.0989 -0.1104 -0.0677 -0.0548 
320 -0.0986 -0.1101 -0.0675 -0.0547 
325 -0.0970 -0.1084 -0.0665 -0.0538 
350 -0.0901 -0.1007 -0.0617 -0.0500 
351 -0.0899 -0.1004 -0.0615 -0.0498 
352 -0.0896 -0.1001 -0.0614 -0.0497 
353 -0.0893 -0.0998 -0.0612 -0.0495 
354 -0.0891 -0.0995 -0.0610 -0.0494 
355 -0.0888 -0.0992 -0.0608 -0.0493 
375 -0.0841 -0.0939 -0.0576 -0.0466 
400 -0.0789 -0.0881 -0.0540 -0.0437 

 
 
Fluence as function of pulse length vs. BHR86 
 
Figure 7 illustrates curve of first derivate of fluence as function of pulse length vs. BHR86. 
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Figure 7. a) General view and b) zoomed view of curve of first derivate of fluence as function 

of pulse length vs. BHR86. 
 
Figure 7 shows that f´(x) approaches value -0.1, when x approaches range of 250-500 J mm-2. Table 
8 shows detailed inspection of f´(x) values around x = 250-500 J mm-2. 
 
Table 8 Detailed inspection of f´(x) values around x = 250-500 J mm-2. 
  

x 
f´(x) 

10 ms 40 ms 90 ms 
225 -0.2041 -0.1333 -0.1063 
235 -0.1954 -0.1276 -0.1018 
236 -0.1946 -0.1271 -0.1014 
237 -0.1938 -0.1265 -0.1009 
238 -0.1930 -0.1260 -0.1005 
239 -0.1922 -0.1255 -0.1001
240 -0.1914 -0.1250 -0.0997 
250 -0.1837 -0.1200 -0.0957 
250 -0.1837 -0.1200 -0.0957 
270 -0.1701 -0.1111 -0.0886 
275 -0.1670 -0.1091 -0.0870 
295 -0.1557 -0.1017 -0.0811 
296 -0.1552 -0.1013 -0.0808 
297 -0.1546 -0.1010 -0.0805 
298 -0.1541 -0.1006 -0.0803 
299 -0.1536 -0.1003 -0.0800 
300 -0.1531 -0.1000 -0.0797 
325 -0.1413 -0.0923 -0.0736 
350 -0.1312 -0.0857 -0.0683 
375 -0.1225 -0.0800 -0.0638 
400 -0.1148 -0.0750 -0.0598 
425 -0.1081 -0.0706 -0.0563 
450 -0.1021 -0.0666 -0.0532 
455 -0.1009 -0.0659 -0.0526 
456 -0.1007 -0.0658 -0.0525 
457 -0.1005 -0.0656 -0.0523 
458 -0.1003 -0.0655 -0.0522 
459 -0.1001 -0.0653 -0.0521 
460 -0.0998 -0.0652 -0.0520 
475 -0.0967 -0.0631 -0.0504 
500 -0.0919 -0.0600 -0.0478 
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Fluence as function of average focal plane position vs. BHR86 
 
Figure 8 illustrates curve of first derivate of fluence as function of average focal plane position vs. 
BHR86. 
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Figure 8. a) General view and b) zoomed view of curve of first derivate of fluence as function 

of average focal plane position vs. BHR86. 
 
Figure 8 shows that f´(x) approaches value -0.1, when x approaches range of 0-400 J mm-2. Table 9 
shows detailed inspection of f´(x) values around x = 0-400 J mm-2. 
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Table 9 Detailed inspection of f´(x) values around x = 0-400 J mm-2. 
 

x 
f´(x) 

3.4 mm 2.4 mm 1.4 mm 0.4 mm -0.6 mm 
0.00001 -2708000.0000 -3500000.0000 -1712000.0000 -200500.0000 -152700.0000 
0.0001 -270800.0000 -350000.0000 -171200.0000 -20050.0000 -15270.0000 

0.001 -27080.0000 -35000.0000 -17120.0000 -2005.0000 -1527.0000 
0.01 -2708.0000 -3500.0000 -1712.0000 -200.5000 -152.7000 

1 -27.0800 -35.0000 -17.1200 -2.0050 -1.5270 
10 -2.7080 -3.5000 -1.7120 -0.2005 -0.1527 
15 -1.8053 -2.3333 -1.1413 -0.1337 -0.1018 
16 -1.6925 -2.1875 -1.0700 -0.1253 -0.0954 
17 -1.5929 -2.0588 -1.0071 -0.1179 -0.0898 
18 -1.5044 -1.9444 -0.9511 -0.1114 -0.0848 
19 -1.4253 -1.8421 -0.9011 -0.1055 -0.0804 
20 -1.3540 -1.7500 -0.8560 -0.1003 -0.0764 
21 -1.2895 -1.6667 -0.8152 -0.0955 -0.0727 
22 -1.2309 -1.5909 -0.7782 -0.0911 -0.0694 
23 -1.1774 -1.5217 -0.7443 -0.0872 -0.0664 
24 -1.1283 -1.4583 -0.7133 -0.0835 -0.0636 
20 -1.3540 -1.7500 -0.8560 -0.1003 -0.0764 
25 -1.0832 -1.4000 -0.6848 -0.0802 -0.0611 
50 -0.5416 -0.7000 -0.3424 -0.0401 -0.0305 
75 -0.3611 -0.4667 -0.2283 -0.0267 -0.0204 

100 -0.2708 -0.3500 -0.1712 -0.0201 -0.0153 
125 -0.2166 -0.2800 -0.1370 -0.0160 -0.0122 
150 -0.1805 -0.2333 -0.1141 -0.0134 -0.0102 
170 -0.1593 -0.2059 -0.1007 -0.0118 -0.0090 
171 -0.1584 -0.2047 -0.1001 -0.0117 -0.0089 
172 -0.1574 -0.2035 -0.0995 -0.0117 -0.0089 
173 -0.1565 -0.2023 -0.0990 -0.0116 -0.0088 
174 -0.1556 -0.2011 -0.0984 -0.0115 -0.0088 
175 -0.1547 -0.2000 -0.0978 -0.0115 -0.0087 
200 -0.1354 -0.1750 -0.0856 -0.0100 -0.0076 
225 -0.1204 -0.1556 -0.0761 -0.0089 -0.0068 
250 -0.1083 -0.1400 -0.0685 -0.0080 -0.0061 
270 -0.1003 -0.1296 -0.0634 -0.0074 -0.0057 
271 -0.0999 -0.1292 -0.0632 -0.0074 -0.0056 
272 -0.0996 -0.1287 -0.0629 -0.0074 -0.0056 
273 -0.0992 -0.1282 -0.0627 -0.0073 -0.0056 
274 -0.0988 -0.1277 -0.0625 -0.0073 -0.0056 
275 -0.0985 -0.1273 -0.0623 -0.0073 -0.0056 
300 -0.0903 -0.1167 -0.0571 -0.0067 -0.0051 
325 -0.0833 -0.1077 -0.0527 -0.0062 -0.0047 
350 -0.0774 -0.1000 -0.0489 -0.0057 -0.0044 
351 -0.0772 -0.0997 -0.0488 -0.0057 -0.0044 
352 -0.0769 -0.0994 -0.0486 -0.0057 -0.0043 
353 -0.0767 -0.0992 -0.0485 -0.0057 -0.0043 
354 -0.0765 -0.0989 -0.0484 -0.0057 -0.0043 
355 -0.0763 -0.0986 -0.0482 -0.0056 -0.0043 
375 -0.0722 -0.0933 -0.0457 -0.0053 -0.0041 
400 -0.0677 -0.0875 -0.0428 -0.0050 -0.0038 
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Appendix 37 
 
Micrograph and image analysis 
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Laser power 139 W - Focal point position 3 mm – Pulse length 40 ms 
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Laser power 139 W - Focal point position 3 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 
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Laser power 144 W - Focal point position 2 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 
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Laser power 139 W - Focal point position 1 mm – Pulse length 10 ms 
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Active illumination imaging system 
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Laser power 142 W - Focal point position 0 mm – Pulse length 10 ms 
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Average laser power 266 W 
 
Laser power 264 W - Focal point position 3.4 mm – Pulse length 10 ms 
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Laser power 266 W - Focal point position 2.4 mm – Pulse length 10 ms 
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Laser power 266 W - Focal point position 2.4 mm – Pulse length 40 ms 
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Laser power 264 W - Focal point position 1.4 mm – Pulse length 10 ms 
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Laser power 264 W - Focal point position 1.4 mm – Pulse length 40 ms 
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Laser power 266 W - Focal point position 0.4 mm – Pulse length 10 ms 
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Laser power 268 W - Focal point position -0.6 mm – Pulse length 40 ms 
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Average laser power 385 W 
 
Laser power 384 W - Focal point position 3.5 mm – Pulse length 40 ms 
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Laser power 384 W - Focal point position 3.5 mm – Pulse length 90 ms 
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Laser power 387 W - Focal point position 2.5 mm – Pulse length 90 ms 
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Laser power 384 W - Focal point position 1.5 mm – Pulse length 10 ms 
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Laser power 384 W - Focal point position 1.5 mm – Pulse length 40 ms 
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Laser power 384 W - Focal point position 1.5 mm – Pulse length 90 ms 
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Laser power 384 W - Focal point position 0.5 mm – Pulse length 90 ms 
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Laser power 386 W - Focal point position -0.5 mm – Pulse length 10 ms 
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Laser power 386 W - Focal point position -0.5 mm – Pulse length 40 ms 
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Laser power 386 W - Focal point position -0.5 mm – Pulse length 90 ms 
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Average laser power 498 W 
 
Laser power 494 W - Focal point position 3.8 mm – Pulse length 10 ms 
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Laser power 494 W - Focal point position 3.8 mm – Pulse length 40 ms 
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Laser power 494 W - Focal point position 3.8 mm – Pulse length 90 ms 
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Laser power 494 W - Focal point position 2.8 mm – Pulse length 10 ms 
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Laser power 494 W - Focal point position 2.8 mm – Pulse length 40 ms 
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Laser power 494 W - Focal point position 2.8 mm – Pulse length 90 ms 
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Laser power 494 W - Focal point position 1.8 mm – Pulse length 10 ms 
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Laser power 494 W - Focal point position 1.8 mm – Pulse length 40 ms 
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Laser power 494 W - Focal point position 1.8 mm – Pulse length 90 ms 
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Laser power 503 W - Focal point position 0.8 mm – Pulse length 40 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Macrographs 

Micrographs 
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Laser power 503 W - Focal point position 0.8 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Macrographs 

Micrographs 
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Laser power 503 W - Focal point position -0.2 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Macrographs 

Micrographs 
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Laser power 503 W - Focal point position -0.2 mm – Pulse length 40 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Macrographs 

Micrographs 
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Laser power 503 W - Focal point position -0.2 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4  
Active illumination imaging system 

Macrographs 

Micrographs 
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Appendix 38 
 
Visual evaluation of quality of active illumination imaging system images, macrographs and 
micrographs 
 
Active illumination imaging system 
 

Focal plane 
position, mm

Laser power, 
W

Pulse 
length

Overall 
quality 

Size Roundness Conicality HAZ Blackness

3 139 10 4 1 5 1 1 1
3 139 40 5 1 3 1 1 1
3 139 90 2 3 4 1 3 3
2 144 10 4 1 4 1 1 1
1 139 10 4 1 5 1 1 1
0 142 10 5 3 5 1 1 1

3,4 264 10 5 2 4 1 1 1
2,4 266 10 4 2 4 3 2 1
2,4 266 40 3 3 3 2 3 2
1,4 264 10 3 3 3 2 4 4
1,4 264 40 3 3 4 2 4 4
0,4 266 10 3 3 4 2 3 3
-0,6 268 40 2 4 2 3 4 4
3,5 384 40 4 3 4 2 2 2
3,5 384 90 2 4 4 2 3 4
2,5 387 90 2 3 3 2 4 4
1,5 384 10 2 2 2 3 3 4
1,5 384 40 1 2 2 4 4 5
1,5 384 90 1 3 2 3 5 5
0,5 384 90 1 4 4 3 5 5
-0,5 386 10 2 3 4 4 4 4
-0,5 386 40 3 4 3 2 3 2
-0,5 386 90 1 4 3 2 5 5
3,8 494 10 3 3 3 2 2 2
3,8 494 40 5 5 5 1 1 1
3,8 494 90 4 5 5 1 2 2
2,8 494 10 4 2 4 3 2 1
2,8 494 40 2 4 3 1 3 4
2,8 494 90 2 5 5 1 4 4
1,8 494 10 4 1 3 2 1 1
1,8 494 40 2 4 4 1 4 4
1,8 494 90 2 4 3 1 4 4
0,8 503 40 3 4 3 2 3 3
0,8 503 90 1 4 3 3 5 5
-0,2 503 10 3 2 4 4 2 3
-0,2 503 40 1 4 4 2 5 5
-0,2 503 90 1 5 5 3 5 5

Visual evaluation of active illumination imaging system 
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Macrographs 
 

Focal plane 
position, mm

Laser power, 
W

Pulse 
length

Overall 
quality 

Size Roundness Conicality HAZ Blackness

3 139 10 3 1 5 3 2 3
3 139 40 3 1 5 4 2 3
3 139 90 3 1 5 3 2 3
2 144 10 3 1 5 5 3 3
1 139 10 2 1 1 5 4 4
0 142 10 2 3 5 2 3 4

3,4 264 10 2 1 4 5 3 4
2,4 266 10 2 1 3 5 5 5
2,4 266 40 2 3 4 3 4 5
1,4 264 10 1 1 1 5 5 4
1,4 264 40 2 3 5 4 3 4
0,4 266 10 2 1 2 5 4 4
-0,6 268 40 1 3 3 3 4 4
3,5 384 40 2 2 4 2 3 5
3,5 384 90 2 4 4 2 3 5
2,5 387 90 1 4 4 3 3 5
1,5 384 10 1 1 1 5 4 4
1,5 384 40 1 2 2 5 5 5
1,5 384 90 1 3 2 5 5 5
0,5 384 90 1 3 1 5 5 5
-0,5 386 10 1 3 1 5 4 5
-0,5 386 40 2 4 2 3 3 5
-0,5 386 90 1 3 1 3 3 5
3,8 494 10 3 2 4 3 3 3
3,8 494 40 4 4 4 1 2 3
3,8 494 90 4 5 5 1 2 3
2,8 494 10 2 2 3 4 4 4
2,8 494 40 2 4 3 4 3 5
2,8 494 90 2 5 4 2 3 5
1,8 494 10 3 1 1 5 4 4
1,8 494 40 1 4 3 4 4 4
1,8 494 90 1 4 3 3 4 4
0,8 503 40 1 4 4 4 4 4
0,8 503 90 1 5 3 3 5 5
-0,2 503 10 2 1 2 5 5 3
-0,2 503 40 1 4 4 3 5 5
-0,2 503 90 1 5 4 3 4 5

Visual evaluation of macrographs
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Micrographs 
 

Focal plane 
position, mm

Laser power, 
W

Pulse 
length

Overall 
quality 

Size Roundness Conicality HAZ Blackness

3 139 10 3 1 5 2 2 3
3 139 40 3 1 4 3 3 4
3 139 90 2 1 4 2 2 4
2 144 10 2 1 4 3 3 3
1 139 10 1 1 4 4 5 4
0 142 10 2 1 5 1 2 2

3,4 264 10 2 2 5 2 3 3
2,4 266 10 1 1 2 4 4 5
2,4 266 40 2 3 3 5 4 5
1,4 264 10 2 1 1 5 4 4
1,4 264 40 2 3 3 3 3 4
0,4 266 10 2 1 2 4 4 4
-0,6 268 40 2 3 3 3 4 4
3,5 384 40 3 3 4 2 2 5
3,5 384 90 2 3 4 2 2 5
2,5 387 90 2 3 4 2 2 5
1,5 384 10 1 1 1 4 4 5
1,5 384 40 1 2 2 5 5 5
1,5 384 90 1 3 2 5 5 5
0,5 384 90 1 4 3 5 5 5
-0,5 386 10 1 3 2 3 4 5
-0,5 386 40 1 3 3 3 3 4
-0,5 386 90 1 3 1 5 4 5
3,8 494 10 3 3 4 3 3 3
3,8 494 40 4 4 4 1 2 2
3,8 494 90 4 4 5 1 3 3
2,8 494 10 2 3 3 4 3 4
2,8 494 40 2 3 3 2 3 5
2,8 494 90 2 3 4 2 2 5
1,8 494 10 2 1 1 4 4 4
1,8 494 40 1 3 3 5 4 4
1,8 494 90 1 3 3 3 5 5
0,8 503 40 1 3 4 4 4 5
0,8 503 90 1 4 3 4 5 5
-0,2 503 10 3 1 1 5 5 3
-0,2 503 40 1 4 3 4 5 5
-0,2 503 90 1 4 4 2 4 5

Visual evaluation of micrographs
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Appendix 39 
 
Minimum BHR86 and maximum BHR86 values of curve of fluence as function of average focal 
plane position vs. BHR86 
 
Table 1 Two maximum BHR86 values of curve of fluence as function of average focal plane 

position vs. BHR86. 
 

Average 
focal plane 

position, mm 

BHR86 
limit 

fluence, 
J mm-2 

Two maximum values 
Corresponding I-I 

parameters 

No. 
Fluence, 
J mm-2 BHR86,% P, W f, mm t, ms 

3.4  271 
1 13.26 152.32 265 3.4 10 
2 6.63 147.49 139 3 10 

2.4  351 
1 22.51 158.38 266 2.4 10 
2 15.02 129.79 145 2 10 

1.4 172 
1 47.59 72.92 265 1.4 10 
2 28.69 63.10 139 1 10 

0.4  21 
1 128.47 10.53 266 0 10 
2 95.83 8.02 142 0.4 10 

-0.6  16 
1 254.25 12.97 503 -0.2 10 
2 219.99 8.10 386 -0.5 10 

 
Table 2 Two minimum BHR86 values of curve of fluence as function of average focal plane 

position vs. BHR86. 
 

Average 
focal plane 

position, mm 

BHR86 
limit 

fluence, 
J mm-2 

Two minimum values 
Corresponding I-I 

parameters 

No. 
Fluence, 
J mm-2 BHR86,% P, W f, mm t, ms 

3.4  271 
1 174.44 54.18 384 3.5 90 
2 230.25 55.68 384 3.5 90 

2.4  351 
1 437.08 20.18 494 2.8 90 
2 342.19 21.96 387 2.5 90 

1.4 172 
1 1017.05 6.54 494 1.8 90 
2 750.64 9.04 384 1.5 90 

0.4  21 
1 3042.29 1.93 503 0.8 90 
2 2278.36 2.45 384 0.4 90 

-0.6  16 
1 2288.42 2.94 503 -0.2 90 
2 1979.90 3.41 386 -0.5 90 
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Appendix 40 
 
Active illumination imaging system, spectrometer and pyrometer data analysis of average focal 
plane position 0.4 mm 
 
Average laser power 141 W 
 
Laser power 142 W - Focal plane position 0 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

  
Pyrometer 

No detected temperature No detected temperature No detected temperature  No detected temperature 
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Laser power 142 W - Focal plane position 0 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

  
Pyrometer 

No detected temperature No detected temperature 

475,00

485,00

495,00

505,00

515,00

525,00

535,00

545,00

555,00

565,00

575,00

5,52 5,54 5,56 5,58 5,60 5,62 5,64

T
e

m
p

e
ra

tu
re

, o
C

Time, s

Cellulose, Focal position -2.4 mm, Laser power 142 W, Pulse length 90 ms (Repeat 2)   

475

485

495

505

515

525

535

545

555

565

575

5,66 5,68 5,70 5,72 5,74 5,76 5,78

T
e

m
p

e
ra

tu
re

, o
C

Time, s
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Average laser power 266 W 
 
Laser power 266 W - Focal plane position 0.4 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

  
Pyrometer 

475

485

495

505

515

525

535

545

555

565

575

5,38 5,4 5,42 5,44 5,46 5,48 5,5

T
e

m
p

e
ra

tu
re

, o
C

Time, s

 

475

500

525

550

575

600

625

650

675

5,2 5,22 5,24 5,26 5,28 5,3 5,32

T
e

m
p

e
ra

tu
re

, o
C

Time, s

475

500

525

550

575

600

625

650

675

5,96 5,98 6,00 6,02 6,04 6,06 6,08

T
e
m

p
e

ra
tu

re
, o

C

T ime, s

475

500

525

550

575

600

625

650

675

5,74 5,76 5,78 5,80 5,82 5,84 5,86

T
e
m

p
e
ra

tu
re

, o
C

Time, s
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Laser power 266 W - Focal plane position 0.4 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

475

500

525

550

575

600

625

650

675

5,28 5,30 5,32 5,34 5,36 5,38 5,40

T
e

m
p

e
ra

tu
re

, o
C

Time, s

 

475

500

525

550

575

600

625

650

675

5,87 5,89 5,91 5,93 5,95 5,97 5,99

T
e
m

p
e
ra

tu
re

, o
C

Time, s

475

500

525

550

575

600

625

650

675

5,56 5,58 5,60 5,62 5,64 5,66 5,68

T
e

m
p

e
ra

tu
re

, o
C

Time, s

475

500

525

550

575

600

625

650

675

6,49 6,51 6,53 6,55 6,57 6,59 6,61

T
e

m
p

e
ra

tu
re

, o
C

Time, s
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Average laser power 385 W 
 
Laser power 384 W - Focal plane position 0.5 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

   
Pyrometer 

475

485

495

505

515

525

535

545

555

565

575

6,36 6,38 6,40 6,42 6,44 6,46 6,48

T
e
m

p
e

ra
tu

re
, o

C

Time, s

 

475

500

525

550

575

600

625

650

675

700

725

750

775

5,27 5,29 5,31 5,33 5,35 5,37 5,39

T
e
m

p
e
ra

tu
re

, o
C

Time, s

475

485

495

505

515

525

535

545

555

565

575

5,75 5,77 5,79 5,81 5,83 5,85 5,87

T
e

m
p

e
ra

tu
re

, o
C

Time, s

475

485

495

505

515

525

535

545

555

565

575

6,46 6,48 6,50 6,52 6,54 6,56 6,58

T
e

m
p

e
ra

tu
re

, o
C

Time, s
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Laser power 384 W - Focal plane position 0.5 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Image missing 

Spectrometer 

 
Pyrometer 

475

500

525

550

575

600

625

650

675

5,87 5,89 5,91 5,93 5,95 5,97 5,99

T
e

m
p

e
ra

tu
re

, o
C

Time, s

 
475

485

495

505

515

525

535

545

555

565

575

5,87 5,89 5,91 5,93 5,95 5,97 5,99

T
e

m
p

e
ra

tu
re

, o
C

Time, s

475

485

495

505

515

525

535

545

555

565

575

5,58 5,6 5,62 5,64 5,66 5,68 5,7

T
e

m
p

e
ra

tu
re

, o
C

T ime, s

475

500

525

550

575

600

625

650

675

5,09 5,11 5,13 5,15 5,17 5,19 5,21

T
e
m

p
e
ra

tu
re

, o
C

Time, s
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Average laser power 498 W 
 
Laser power 503 W - Focal plane position 0.8 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

  
Pyrometer 

475

500

525

550

575

600

625

650

675

5,62 5,64 5,66 5,68 5,70 5,72 5,74

T
e
m

p
e
ra

tu
re

, o
C

Time, s

475

485

495

505

515

525

535

545

555

565

575

5,99 6,01 6,03 6,05 6,07 6,09 6,11

T
e

m
p

e
ra

tu
re

, 
o

C

Time, s

475

485

495

505

515

525

535

545

555

565

575

5,32 5,34 5,36 5,38 5,40 5,42 5,44

T
e

m
p

e
ra

tu
re

, o
C

Time, s

475

485

495

505

515

525

535

545

555

565

575

5,60 5,62 5,64 5,66 5,68 5,70 5,72

T
e

m
p

e
ra

tu
re

, 
o

C

Time, s
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Laser power 503 W - Focal plane position 0.8 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

475

500

525

550

575

600

625

650

675

700

725

750

775

5,52 5,54 5,56 5,58 5,60 5,62 5,64

T
e
m

p
e
ra

tu
re

, o
C

Time, s

 

475

500

525

550

575

600

625

650

675

700

725

750

775

5,54 5,56 5,58 5,60 5,62 5,64 5,66 5,68

T
e
m

p
e
ra

tu
re

, o
C

Time, s

475

500

525

550

575

600

625

650

675

700

725

750

775

6,33 6,35 6,37 6,39 6,41 6,43 6,45

T
e

m
p

e
ra

tu
re

, o
C

Time, s

475

500

525

550

575

600

625

650

675

5,88 5,90 5,92 5,94 5,96 5,98 6,00

T
e
m

p
e
ra

tu
re

, o
C

Time, s
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Appendix 41 
 
Active illumination imaging system, spectrometer and pyrometer data analysis of average focal 
plane position 3.4 mm 
 
Average laser power 141 W 
 
Laser power 139 W - Focal plane position 3 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature No detected temperature No detected temperature  No detected temperature 
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Laser power 139 W - Focal plane position 3 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature No detected temperature No detected temperature No detected temperature 
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Average laser power 266 W 
 
Laser power 264 W - Focal plane position 3.4 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature 

475

500

525

550

575

600

625

650

675

5,62 5,64 5,66 5,68 5,70 5,72 5,74

T
e

m
p

e
ra

tu
re

, o
C

T ime, s

No detected temperature No detected temperature 
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Laser power 264 W - Focal plane position 3.4 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature No detected temperature No detected temperature No detected temperature 
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Average laser power 385 W 
 
Laser power 384 W - Focal plane position 3.5 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature No detected temperature No detected temperature No detected temperature 
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Laser power 384 W - Focal plane position 3.5 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

  
Pyrometer 

No detected temperature No detected temperature No detected temperature No detected temperature 
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Average laser power 498 W 
 
Laser power 494 W - Focal plane position 3.8 mm – Pulse length 10 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature No detected temperature No detected temperature No detected temperature 
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Laser power 494 W - Focal plane position 3.8 mm – Pulse length 90 ms 
 

Repeat 1 Repeat 2 Repeat 3 Repeat 4 
Active illumination imaging system 

Spectrometer 

 
Pyrometer 

No detected temperature No detected temperature No detected temperature No detected temperature 
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Appendix 42 
 
Hole formation analysis of average focal plane position 0.4 mm and -0.6 mm 
 

Laser power 142 W Laser power 142 W Laser power 142 W Laser power 142 W 
Focal plane position 0 mm Focal plane position 0 mm Focal plane position -1 mm Focal plane position -1 mm 

Pulse length 40 ms Pulse length 90 ms Pulse length 90 ms Pulse length 90 ms 
Repeat 1 Repeat 3 Repeat 2 Repeat 3 

Active illumination imaging system 

Spectrometer 

Pyrometer

No detected temperature 

475

485

495

505

515

525

535

545

555

565

575

5,52 5,54 5,56 5,58 5,60 5,62 5,64

T
e
m

p
e
ra

tu
re

, 
o

C

T ime, s

No detected temperature No detected temperature 
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Laser power 266 W Laser power 384W Laser power 384 W Laser power 386 W 
Focal plane position 0.4 mm Focal plane position 0.5 mm Focal plane position 0.5 mm Focal plane position -0.5 mm 

Pulse length 90 ms Pulse length 40 ms Pulse length 40 ms Pulse length 90 ms 
Repeat 2 Repeat 1 Repeat 3 Repeat 4 

Active illumination imaging system 

Spectrometer 

 

  
Pyrometer 

No detected temperature 

475

485

495

505

515

525

535

545

555

565

575

5,66 5,68 5,70 5,72 5,74 5,76 5,78

T
e
m

p
e
ra

tu
re

, o
C

Time, s

475

500

525

550

575

600

625

650

675

5,52 5,53 5,54 5,55 5,56 5,57 5,58 5,59 5,60 5,61 5,62 5,63 5,64

T
e

m
p

e
ra

tu
re

, o
C

Time, s

No detected temperature 
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Laser power 503 W Laser power 503 W Laser power 503 W 
Focal plane position 0.8 mm Focal plane position 0.8 mm Focal plane position -0.2 mm 

Pulse length 90 ms Pulse length 90 ms Pulse length 90 ms 
Repeat 1 Repeat 3 Repeat 3 

 

Spectrometer 

  

  

Pyrometer 

475

500

525

550

575

600

625

650

675

700

725

750

775

5,52 5,54 5,56 5,58 5,60 5,62 5,64

T
e
m

p
e
ra

tu
re

, 
o
C

 

Time, s 

475

500

525

550

575

600

625

650

675

700

725

750

775

6,33 6,35 6,37 6,39 6,41 6,43 6,45

T
e
m

p
e

ra
tu

re
, 

o
C

 

Time, s 

475

525

575

625

675

725

775

825

875

925

975

1 025

1 075

5,63 5,65 5,67 5,69 5,71 5,73 5,75

T
e
m

p
e

ra
tu

re
, 
o

C
 

Time, s 
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Appendix 43 
 
Hole formation analysis of average focal plane position 3.4 mm and 2.4 mm 
 

Laser power 144 W Laser power 264 W Laser power 264 W Laser power 266 W 
Focal plane position 3 mm Focal plane position 3.4 mm Focal plane position 3.4 mm Focal plane position 2.4 mm 

Pulse length 90 ms Pulse length 40 ms Pulse length 90 ms Pulse length 40 ms 
Repeat 3 Repeat 2 Repeat 1 Repeat 3 

Active illumination imaging system 

Spectrometer 

 

  
Pyrometer

No detected temperature No detected temperature No detected temperature No detected temperature 
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Laser power 384 W Laser power 494 W 
Focal plane position 3.5 mm Focal plane position 2.8 mm 

Pulse length 90 ms Pulse length 90 ms 
Repeat 3 Repeat 4 

Active illumination imaging system 

Spectrometer 

 

 
Pyrometer 

No detected temperature 

475

500

525

550

575

600

625

650

675

700

725

750

775

7,04 7,06 7,08 7,1 7,12 7,14 7,16

T
e

m
p

e
ra

tu
re

, o
C

Time, s
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Appendix 44 
 

Comparison of one-phase and two-phase nature of interaction mechanism A and B 
 

Table 1   Comparison of one-phase and two-phase nature of interaction mechanism A and B. 
 

Laser 
power, 

W 

Focal 
point 

position
, mm 

Pulse 
length, 

ms 

PImax, 
kW/cm2 

PImin, 
kW/cm2 

Beam profile 
Active 

illumination 
imaging system 

Pyrometer Spectrometer 

139 3 10 358 72 

 

N/A N/A 

  90     N/A 

144 2 10 774 155 

 

N/A N/A 

  90     N/A N/A 

139 1 10 1320 264 

 

N/A N/A 

  90     N/A N/A 

142 0 10 4310 863 

 

N/A N/A 

  90     

475

485

495

505

515

525

535

545

555

565

575

5,66 5,68 5,70 5,72 5,74 5,76 5,78

T
e

m
p

e
r
a

t
u

r
e

, 
o

C
 

Time, s 

N/A 
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Laser 
power, 

W 

Focal 
point 

position
, mm 

Pulse 
length, 

ms 
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Appendix 45 
 
Error estimation of nozzle stand-off distance 
 
Figure 1 shows principle how error estimation test of nozzle stand-off distance was executed. 

 
Figure 1. Principle of error estimation test of nozzle stand-off distance. 
 
Four points were selected in paper material and stand-off distance was set to be 1.4 mm in each 
measurement point. Paper sample was stationary and cutting head was moved to different 
measurement points as figure 1 shows. After setting stand-off distance, a photograph was taken with 
a scale as figure 2 shows. 

Nozzle

XY-table with board
honey comb cell

Paper material

Scale

Laser beam

Nozzle

Nozzle stand-off distance
 

 
Figure 2. Principle of error estimation test of nozzle stand-off distance. 
 
In each measurement point 1, 2, 3 and 4 this procedure was repeated 5 times and this way 20 
different measurement of nozzle stand-off distance of 1.4 mm was achieved. 
 
Results of error estimation of nozzle stand-off distance are shown in table 1. 
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Table 1 Error estimation of nozzle stand-off distance. 
 

 Nozzle stand-off distance (xi - x )2 
1 1.66 0.0203 
2 1.66 0.0205 
3 1.56 0.0021 
4 1.47 0.0029 
5 1.47 0.0021 
6 1.56 0.0020 
7 1.54 0.0005 
8 1.44 0.0062 
9 1.47 0.0020 
10 1.52 0.0000 
11 1.58 0.0036 
12 1.40 0.0152 
13 1.52 0.0000 
14 1.50 0.0005 
15 1.49 0.0011 
16 1.57 0.0027 
17 1.52 0.0000 
18 1.48 0.0015 
19 1.46 0.0032 
20 1.51 0.0001 
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