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Abstract 

This thesis presents an investigation of the interaction 
mechanism involved in processing of different engineering 
materials using pulsed TEA CO2- and Nd:YAG lasers. 

Several methods were used. Digital Speckle Photography (DSP) 
or Speckle Correlation was used to detect micro-structural 
changes in the material surface during laser irradiation. 
Scanning Electron Microscopy  (SEM)  and optical microscopy 
were used to obtain information about hole quality; entrance 
and exit diameters, amount of spatter, cracking etc., when laser 
drilling. 

Optimum processing parameters, for example wavelength, pulse 
repetition frequency and pulse energy were established and are 
presented in this thesis. 

In Papers A and  B,  an evaluation of the interaction mechanism 
using Digital Speckle Photography (DSP) is presented. Paper  C  
focuses more on the influence of the laser irradiation parameters 
on the quality of laser drilled holes. 

To find optimum processing parameters,  SEM  and optical 
microscopic investigations of thermoplastic polymers, and 
thermoset polymers exposed to laser irradiation with different 
wavelengths were carried out. Thermoplastics PMMA and 
Polycarbonate and a thermoset epoxy matrix reinforced by glass 
and graphite fibres were used. 

The results from the first paper showed that microstructural 
changes caused by laser pulse impact can be visualised. The 
results of other two papers showed that, for hole drilling, short 
wavelengths are most suitable since these give good hole quality 
in most engineering materials including metals, ceramics and 
composites. 
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The sis  

This thesis consists of a survey and the following three 
appended papers: 

Paper A 

Paper  B  

N.  Miroshnikova, 0. Yalukova, I. Sårady and M.  
Sjödahl,  "Study of the interaction mechanisms 
between different materials and pulses from TEA 
CO2-  and Nd:YAG-lasers using Digital Speckle 
Photography, 	(D  SP)", 	Proceedings 	XI 
International Conference on Laser-Matter 
Interaction, St. Petersburg, Vol. 5506. 

0. Yalukova,  N.  Miroshnikova I. Sårady,  P. Gren,  
M.  Sjödahl,  "Investigation of laser percussion hole 
drilling using speckle correlation", to be 
submitted. 

Paper  C 0. Yalukova, I. Sårady, "Investigation of 
Interaction Mechanisms in Laser Drilling of 
Thermoplastic and Thermoset Polymers using 
Different Wavelengths", to be submitted 2004 for 
publication. 
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1. Introduction 

1.1 Applications of high energy lasers 

Industrial laser processing applications, such as materials processing, 
require information about process parameters for them to be used 
effectively. Drilling of small holes using lasers is widely used in many 
applications such as electronics, aerospace industry, medical and other 
high precision instruments etc. When using high energy lasers, 
parameters such as pulse repetition rate, pulse energy, duration, and 
wavelength can influence the quality of the holes that are produced. 

1.2 The techniques used 

Measuring techniques used in this thesis are: Speckle correlation or 
Digital Speckle Photography (DSP) and Visual inspection in form of 
Optical and Scanning Electron Microscopy. Speckle correlation is the 
technique used to investigate the interaction mechanism by calculating 
cross-correlation between subsequent images, to get in-plane 
displacement and strain fields around the processed area. DSP is a 
technique that have found wide acceptance during last decade, for 
example Asseban A. et al [1] have used speckle photography in heat 
transfer studies. Thuvander F. et al [2] applied this technique for 
measurements of crack tip strain fields in wood. Synnergren  P.  used 
DSP to perform measurements of three-dimensional displacement fields 
and object shape [3]. 
Another way to get information about  lasermatter  interaction is visual 
inspection, which can be performed by using Optical Microscopy (OM) 
and Scanning Electron Microscopy  (SEM).  By using these methods we 
can get information about hole entrance and exit diameter, spatter, 
quality of the drilled holes etc. These methods were used in Paper  C  to 
investigate hole drilling of thermoplastic and thermoset polymers. 
These materials are partially transparent for  IR  and visible 
wavelengths, but by using the shorter wavelengths we can get holes 
with excellent quality [4]. Shorter wavelengths are more efficient for 
processing of the materials [5]. There are more techniques which are 
exist to analyze laser drilling process, some of them are listed in 
introduction to chapter 4. 
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1.3 The materials used 

In this project, the interaction mechanisms for A1203, metal sheets 
(stainless steel, mild steel and pure silver), SiC-Diamond composite and 
polymers (thermoplastic and thermoset) have been investigated. 
The interaction mechanisms of these materials during processing have 
previously been investigated by several researchers. For example, 
polymers were investigated using mostly excimer UV lasers. 
UV lasers is the most suitable laser type for material processing, 
because almost all materials have higher value of absorption at these 
wavelengths, and therefore laser processing is more efficient [6]. 
The interaction between several polymers and UV laser radiation were 
observed in Ref. 7-9. Breuer  J.  et al have investigated the interaction of 
UV laser irradiation with polymers [7]. They showed that both 
photolytic modification and activation of polymers surfaces are possible. 
Frerichs  H.  et al [8] investigated UV laser modification of different 
polymers, their ablation thresholds, optical penetration depths and 
absorption coefficients. Chen  Y. H.  et al performed UV laser drilling of 
polymers and could determine optimal energy densities for some 
polymers [9]. 

1.4 The purpose of this thesis 

The interaction mechanisms are still relatively unknown, and therefore, 
there is a need for quantifying and visualization of these effects. The 
purpose of this thesis is to investigate the interaction mechanisms 
between matter and laser irradiation with a special emphasis on 
shorter wavelengths. The work presented in this thesis was performed 
using several techniques: 1) changes in the microstructure were 
detected using defocused Digital Speckle Photography (DSP) (Paper A); 
this work showed that it was possible to visualize the interaction 
mechanism during laser processing; 2) microstructural changes during 
laser drilling were detected using focused laser speckles (Paper  B)  in 
combination with Scanning Electron Microscopy. Amongst the most 
important advantages of Digital Speckle Photography are its high 
spatial resolution and the possibility it gives to collect huge amounts of 
information from a sequence of speckle patterns. This is a full field 
method that is both robust and highly sensitive to surface strains. 3) 
Another way to improve the quality of laser drilled holes is to control 
laser irradiation parameters and to find an optimum (Paper  C).  This 
thesis consists of this survey and three appended papers. The aim with 
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the survey is to show how to analyze percussion hole drilling by laser 
pulses in principle, using the above mentioned techniques. For a more 
detail description the reader is referred to the appended papers. 

2. Laser processing 

Material processing using lasers is achieved by heating a workpiece to 
various levels. The level of heating required depends upon the 
application. For welding, alloying or cladding it is necessary to exceed 
the melting point of the substrate material. For heat treatment the 
temperature has to be sufficient to obtain the required solid-state 
transformations. For material removal processes, such as drilling or 
cutting higher temperatures are required [10]. 

Laser material processing can be described briefly as follows: When 
laser processing takes place, part of the beam energy is absorbed by the 
target. It is widely accepted that there are three dominant factors 
governing this: 
1) the average power of the laser beam, 2) the intensity of the laser spot 
on the target also called irradiance and 3) the wavelength of the laser 
beam. 

1) The average power of the pulsed laser beam is given by multiplying 
the pulse energy by the pulse repetition rate. 

2) Irradiance is usually calculated by dividing the power of the beam by 
the spot area. 

3) Wavelength is related to photon energy as follows: 

E=h v=h•—
c

• 
/1: 

where  h  - Planck's constant, v - the frequency of the wavelength. 

For a given wavelength all photons have the same energy. For a beam 
with shorter wavelength, the energy of each photon is higher. When the 
"stream" of photons is absorbed by a surface, their energy is converted 
into vibration of the atoms in the lattice structure of the material, 
which leads to heating of the surface. This interaction is generally on a 
scale of the order of a few thousandths of a millimetre (or micrometers). 

3 



Olga Yalukova 

Under certain conditions these photons may, if their energy is high 
enough, break molecular bonds in the material. Most laser processes 
are, however, thermal in nature and are the result of very well 
controlled melting and vaporization processes. Shorter wavelengths and 
pulse duration allow better control of where and when the heat is put 
into the material. 

2.1 Laser drilling 

Laser drilling is a non-contact process, which is commonly used to 
produce tiny holes through a component with limited thermal or 
mechanical damage. Laser drilling can be done by using so called 
percussion or trepanning techniques. Percussion drilling focuses the 
beam to a spot equal to the diameter of the hole to be drilled. If a large 
hole is required, the laser beam must be moved with respect to the work 
piece to form the desired diameter. This is called trepanning. Laser 
drilling is ideal for high production volumes because of its high speed 
and possibility to automate positioning of the beam. Nd:YAG lasers, in 
particular, have the ability to drill a wide range of hole sizes and shapes 
in a variety of materials including most metals, ceramics, etc. 

The principle of percussion laser drilling is shown in Fig. 1. The 
principle is almost the same for all materials, but depends to some 
extent on the individual characteristics of the material to be processed. 
Irradiation from the laser beam causes the material to be heated from 
room temperature to its melting temperature. Depending on the laser 
intensity and material properties, the molten material is then 
evaporated by additional heating. A so called keyhole is formed which 
is filled with the material vapour. The thickness of the molten material 
depends on the pulse duration and material properties. If the pulse 
duration is relatively short, the thickness of the molten layer will be 
thinner than when using longer pulses, since the material has time to 
cool down between each pulse. The thickness also depends on the kind 
of material being drilled. For metals, for example, the thickness of the 
molten layer will be thicker than for polymers or composite materials. 

4 
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Figure I. Principle of laser drilling. 
1- Pulsed laser beam; 
2- Target material; 
3 - Heat affected zone; 
4- Re-deposited layer; 
5- Ejected droplets which lead to spatter; 
6 - Re-deposited droplets (spatter);  
P  - Evaporation recoil pressure; 
V- Down streaming vapour flow' 
44 - Motion of the molten material 

5 
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3. Processing lasers 

3.1 Processing lasers used in the experiments 

Two kinds of lasers were used in the experiments, CO2- and Nd:YAG. 
These in turn have individual characteristics. 

The Transversely Excited Atmosperic (TEA) CO2 laser used in the 
experiments can emit light with a wavelength of 10 600  nm  in the form 
of short pulses at a repetition rate of up to 20 Hz. TEA lasers operate in 
the pulsed mode and due to the shape of the cavity, the output beam 
has a rectangular cross-section. The pulse energy is about 4  J  and the 
duration of the pulse is about 100  ns.  This gives a peak power of about 
40  MW.  

Two types of solid state Nd:YAG laser were used. One is emitting light 
with a wavelength of 1064  nm  with a peak power of about 800 W and, 
for the experiments, a pulse duration of about 200 ms. 

The second was a special version of a ROFIN RSY 200D/SHG, 
continuously diode-pumped, with a dual-rod symmetric resonator and 
using birefringence compensation. This laser can deliver a continuous  
IR  beam at 1064  nm  with a maximum power of about 200 W in  
multimode.  This laser is normally pulsed using double Acusto-Optical  
Q-switches giving pulses with a duration of about 100  ns  and a 
repetition rate ranging from 100 Hz up to 20 kHz. 
The fundamental wavelength of the laser emission is 1064  nm,  but 
frequency conversion (harmonic generation) using non-linear optical 
crystals can be used to generate wavelengths of 532  nm  and 266  nm.  
This is described below. 

3.2 Harmonic Generation 

Harmonic generation is the method most commonly used for changing 
the wavelength of a laser beam. The technique is based on the non-
linear interactions between light and certain crystals which can 
generate harmonics at multiples of the light-wave frequency. In the 
present work, two crystal types were used; Lithium Borate (LBO) and 
Barium Beta Borate (BBO). The magnitude of the non-linear effect is 
proportional to the square of the incident power density [11]. 

6 
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In the experiments using harmonic generation the Acusto-Optical  Q-
switched Nd:YAG laser was used. In Fig. 2 a schematic of the set-up 
used for experiments is presented. In Fig. 3 & 4 a photograph of the 
experimental set-up and a close-up of the target location on micro-
positioning stage are presented, respectively. To generate the second 
harmonic, a green beam with wavelength 532  nm,  intra-cavity 
frequency doubling was used with a constant-temperature (25 0C) 
angle-tuned LBO crystal. 
To generate the fourth harmonic, a UV beam with wavelength 266  nm,  
extra-cavity frequency doubling of the low order green beam with a 
constant-temperature (25 0C), angle-tuned BBO crystal was used. The 
average UV power at a PRF of 1 kHz was about 0.5 W. The reader can 
find complete description of Harmonic Generation in Ref. 12. 

M2 L2 Li 	M1 

co 

2-  FHG 

L3 	 

5 

Figure 2. Schematic of the set-up for fourth harmonic generation 
1- Diode-pumped Nd:YAG laser with acusto-optical  Q-switching and with intracavity Second 
Harmonic Generation Crystal (SHG) 
2- Extracavity Fourth Harmonic Generation Crystal (FH6) 
3- Beam dump 
4- Telescope, 10' 
5- Target 
441- Mirror, highly reflective  (HR)  for 532  nm  
442, M3, 444- Harmonic Separation Mirrors (Highly Transmissive (HT) for 532  nm, HR  for 266  nm)  
Li- Focusing lens, f=250 mm, Anti-reflective (AR)/AR for 266 & 532  nm  
L2- Collimating lens, f=250 mm, AR/AR for 266, 532  nm  
L3- Air Spaced Achromatic Lens, f=100 mm, AR/AR for 266  nm  
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Figure 3. The experimental set-up. 
1- Beam dump; 
2 - The beam expanding telescope, 10x; 
3 - Air spaced achromatic lens, f=100 mm, AR/AR for 266  nm;  
4 - The target;  
Ml-  Mirror,  HR  for 532  nm  
442, 443, M4- Harmonic Separation Mirrors (HT for 532  nm, HR  for 266  nm)  
L80 - Intracavity Second Harmonic Generation L90 Crystal, emitting 532  nm;  
990 - Extracavity Fourth Harmonic Generation 990 Crystal, emitting 266  nm.  

Figure 4. 
Target location on an  x-y-z micro- 
positioning stage. 
1- The target; 
2- Air spaced achromatic lens, 
f=100 mm, AR/AR for 266  nm;  
3- Beam expanding telescope, 10x; 
4 - Exhaust tube. 

8 
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4. Measurement and visualization techniques 

The objective of the measurement/visualization techniques is to 
investigate the physical mechanisms involved in the high intensity 
interaction between the laser light at various wavelengths with matter. 
The collection of data about interaction mechanisms can provide 
necessary information about the processing parameters [13]. 

In the present thesis two measurement/ visualization techniques for 
investigating the laser/ matter interaction are presented. Alternative 
techniques exist, for example, Schoonderbeek A. et al performed 
analyze of metal drilling by Shadowgraphic imaging technique. They 
studied when and how the material is removed. Both the removal of 
material at different times after the start of the laser pulse and the 
material removal for different pulses during the drilling process are 
shown [14].  Olfert  M. and Duley W. W. investigated the propagation of 
heat into fused quartz during drilling using differential holographic  
inte  rfe  ro  me try [151. 
A more detailed description of the techniques used in this thesis is 
found in the following two sub-sections. 

4.1 Speckle Correlation 

Speckle Correlation, also known as Digital Speckle Photography (DSP) 
[16], is a computer-based technique that can be used to determine the 
deformation and topological changes of a characteristic pattern, so-
called speckle pattern, associated with the micro-topology of the 
surface. If the surface deforms or changes, the speckle pattern will 
move in proportion to the deformations and the local microstructure of 
the speckle pattern will change. Hence, by calculating the temporal 
cross correlation of the speckle pattern as the object deforms, a measure 
of the areas that undergo local topological changes is obtained as well 
as a vector field that is proportional to the deformation. Focused 
speckles are used to measure in-plane displacement or translation 
whilst defocused speckles can be used to calculate strain, tilt and 
rotations. 

9 
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4.1.1 Speckle correlation used to calculate in-plane 
deformations and strain fields 

A schematic of the experimental set-up using speckle correlation is 
shown in Fig. 5(a). A laser speckle pattern is obtained when a diffusely 
reflecting object is illuminated by a laser, in this case a 10 mW cw He-
Ne  laser. A typical laser speckle pattern is shown in Fig. 5(3). The first 
stage of an experiment involves taking a reference image. Following 
this, images of the surface during processing are captured using a CCD 
camera equipped with a high quality camera lens. The individual 
images are stored in a personal computer separately. Processing of the 
images are in general carried out after the experiments. 
When analyzed the captured images are divided in small sub-images, 
the size of the sub-image defining the spatial resolution of the results. A 
typical sub-image size is 16x16, or 32x32 pixels. 
A digital cross correlation approach is used to carry out the 
mathematical comparison of the sub-images (Fig. 6(a)). The cross 
correlation is calculated in the frequency domain using an FFT 
algorithm. The cross-correlation gives a peak, whose position gives the 
mean displacement between the sub-images and whose height 
represents the similarity between the speckle patterns in the sub 
images (Fig. 6(a)). Repeating across the total image area, a full 
deformation map can be obtained, see Fig. 6(b). 

The motion of the speckle pattern is in general given by 

a, +a, •I,AL  
A x  = 	 + 	11 e +1 (e +S-2 )—(1+1„)12,1 sx XX 	XY 	Z 

(1) 
a y  +a  i.  AL r, 

A, = 	 ± 	Sx lEx} — z )+ /sr 	 Isz 	x  

where Ax and AI are the measured speckle displacements; ax and a l' 

are the object displacements;  e  XX e  XY and en are in-plane components 
of the strain tensor; Qx, QY and CIz are the components of the rotation 
vector; isx , /sY and 1sz are known directional cosines of the illumination, 
/, and iy directional cosines of the imaging; AL is a known defocusing 
distance; and M is the demagnification of the system. As long as the 
camera is focused onto the surface of the object, the speckles move in 
proportion to the motion of the surface. This means that the surface 
deformations can be obtained directly from the speckle displacements 
using only a multiplicative factor. If, on the other hand, defocus is 
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present in the imaging the measured speckle motion will also depend on 
strains and rotations of the object. The strain sensitivity of defocused 
laser speckles motion is utilised in paper A to quantify the strains 
appearing around the processing point. 

Figure 5. (a) Schematic of the simple experimental set-up using speckle correlation;  

(b)  A typical speckle pattern. 

The speckle correlation value represents the similarity between the 
speckle pattern in the sub-images before and after deformation. This 
value in turn is proportional to the topological changes in the material 
caused by the effect of the processing laser pulses on the observed 
object. The exact relation between the speckle correlation value and the 
amount of topological changes vary between materials but as a rule of 
thumb, an average change in the micro-topology of the order of 10 
percent of the wavelength gives a drop in correlation value to about 0.2. 
Hence, the speckle correlation is a very sensitive measure for small 
changes in the topology. From the correlation maps, it is possible to get 
information about the different time scales involved in the process, and 
about the size of the heat affected zone, which is connected with the 
value of the heat conductivity. A detailed description of the technique 
can be found in Ref. 16, 17, 18. 

This technique is used in Paper A and Paper  B  to quantify the 
development of the heat affected zones in different materials and for 
different wavelengths. 

11 
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Figure 6. Principle of the cross correlation algorithm: (a) sub-images,  hl  and h2 are extracted from 
the reference  Il  and deformed 12 image, respectively. The cross correlation gives a peak  (b),  
whose position gives the mean displacement between the sub-images and whose height represents 
the similarity between the speckle patterns in the sub-images. Repeating the procedure for 
different sub-image positions gives a correlation map  (c)  and a displacement field  (d)  between image  
Il  and 12. 
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Figure 7 Calculated correlation maps for a 0.5 mm silver sheet percussion drilled by using 532  nm  
laser pulses: a) The correlation map before processing started,  b)  after about 2000 pulses,  c)  after 
about 3000 pulses, and  d)  about.! second after processing stopped 

As an example Fig. 7 shows the correlation maps for a 0.5 mm silver 
sheet drilled by using focused 532  nm  laser pulses. Fig. 7(a) shows the 
calculated correlation map, before the processing started. As expected 
the average correlation value is 1. In Fig. 7(b), about 2 seconds after 
processing was started a change in the correlation map can be observed; 
the size of the heat affected zone is about 0.8 mm. At this point we can 
say that the heating of the material took place and the processing beam 
started to create the hole. The diameter of the heat affected zone doesn't 
change throughout the rest of the processing as can be seen in Figures 
7(c) (after 3000 pulses) and 7(d) (1 second after the processing stopped), 
respectively. 

13 
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4.2 Optical Microscopy and Scanning Electron Microscopy 

A few examples of holes imaged by Optical Microscopy and Scanning 
Electron Microscopy  (SEM)  are shown in Figure 8-11, respectively. A 
PMMA sheet, with a thickness of 2 mm, was irradiated by a focused  IR  
beam at 1064  nm  (Fig. 8(a)), a green beam at 532  nm  (Fig. 8(b)) and by 
a UV beam at 266  nm  (Fig. 8(c)). The absorption in the material 
depends strongly on the wavelength, in particular for metals as 
discussed in Ref 15. The images in Fig. 8 are so-called longitudinal 
sections of the drilled holes viewed in an optical microscope. These 
images were obtained after the strongly focused beams have irradiated 
the polymer surfaces. Beams at 1064  nm  and 532  nm  can cause thermal 
degradation inside the material. These defects could not be observed 
from the surface by  SEM,  but could be seen using OM. As it can be seen 
in Fig. 8(a) most of the irradiation is transmitted through the material. 
In Fig. 80 some inhomogeneities could be observed, but drilling is still 
not possible. Fig. 8(c) shows the PMMA sheet drilled by the UV laser 
(with comparably higher photon energy than other wavelengths); it 
could be possible due to photo-ablation. 

(b) 
	

(c)  

Figure 8. 

A 2 mm thick PMMA sheet, Irradiated by focused beam (a) at 1064  nm,  by 10 000 pulses;  (b)  at 532 

17t11 by 2000 pulses; (c)at 266  nm  by 5000 pulses. 
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(a)  (b)  

Figure 9. 6/ass fibre reinforcea' epoxy composite drilled with a focused beam at 1064  nm,  by 3000 
pulses: (a) entrance side,  (b)  exit side. 

(a)  (b)  

Figure 10. 6/ass fibre reinforced epoxy composite drilled with a focused beam at 532  nm,  by 1000 
pulses: (a) entrance side,  (b)  exit side 

(a)  (b)  

Figure 11, 6/ass fibre reinforced epoxy composite drilled with a focused beam at 266  nm,  by 10000 
pulses: (a) entrance side,  (b)  exit side 

In Fig. 9-11 results from drilling of the 1.5 mm thick glass reinforced 
epoxy composite using three different wavelengths can be seen. The 
presence of the reinforcing fibres makes laser processing more 
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complicated. The fibres can conduct heat along their axis which will 
damage the epoxy matrix. In Fig. 9 the entrance (a) and exit  (b)  sides of 
the sample processed by a 1064  nm  beam are shown, respectively. 
Burning of the epoxy and thermal damage can be observed. In Fig. 10 
the entrance (a) and exit  (b)  sides of the glass reinforced epoxy 
composite drilled by using a 532  nm  beam are shown, respectively. The 
thermal influence is significantly reduced; there is no burning, but only 
crack formation, since the epoxy matrix is quite crack sensitive. The 
Fig. 11 shows the entrance (a) and exit  (b)  sides of the sample drilled by 
using a 266  nm  beam. The quality of the drilled holes was significantly 
improved, which confirms that UV light (due to its high photon energy) 
can photo-chemically decompose the epoxy matrix, and break glass 
fibres. Paper  C  presents these experiments in details [4]. 
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5. Summary and conclusions of appended papers 

The experiments were performed to investigate the interaction 
mechanism between materials and laser irradiation at different 
wavelengths by different methods. Further appended papers listed with 
summary and conclusions in Table I. 

Table 1. Contents of appended papers 

Paper A  B C  
Speckle Correlation  X X  
Optical Microscopy  X 

SEM X X  
Interaction mechanism  X X X  

Paper A: 

By: 

Summary: 

Study of the interaction mechanisms between different 
materials and pulses from TEA CO2- and Nd:YAG-lasers 
using Digital Speckle Photography, (DSP) 

0.  Yalukova, N. Miroshnikova, I. Sårady  and M.  Sjödahl  

In this paper, the study of interaction mechanism between 
A1203, Stainless steel and irradiation from TEA CO2 
and Nd:YAG-lasers during impact was performed. A 
method based on displacement and the correlation of 
focused and defocused laser speckle patterns for 
visualization of material changes measurements and 
calculation of in-plane strain fields using a Digital 
Speckle Photography system has been presented. 

Conclusions: A1203 has higher value of absorption using CO2-laser, 
than mild steel, and smaller value of absorption using 
Nd:YAG laser. This can be seen from the raw-movies 
and from the figures. A1203  recovers completely after 
single shot (of the CO2 laser) to its original state about 2 
minutes after impact. For multiple shots it did not 
recovers completely. Typical results for mild steel show 

17 



Olga Yalukova 

some permanent deformation of the surface of the 
sample, which is caused by the impact. Stainless steel 
impacted by Nd:YAG laser pulse, could be observed that 
it has residual deformations about 5 µstrain and did not 
recover completely to the initial state. 

Paper  B: 	Investigation of laser percussion hole drilling using 
speckle correlation 

By: 	0.  Yalukova, N. Miroshnikova I. Sårady, P. Gren  and 
M.  Sjödahl  

Summary: 	Two materials pure silver and SiC-Diamond composite 
were investigated during processing at two wavelengths, 
the fundamental at 1064  nm  and the second harmonic at 
532  nm  of the Nd:YAG laser. 

Conclusions: Speckle correlation method as a tool to investigate laser 
percussion hole drilling during processing was 
introduced. The speckle correlation results give 
information about the size of the heat affected zone and 
the different time scales involved in process. Heat 
affected zone can be correlated with magnitude of the 
heat conductivity. 

Paper  C: 
	

Investigation of Interaction Mechanisms in Laser 
Drilling of Thermoplastic and Thermoset Polymers 
using Different Wavelengths 

By: 	0. Yalukova and I. Sårady 

Summary: 	A comparison of the percussion drilled holes by using 
three wavelengths 1064  nm,  532  nm  and 266  nm  is 
performed. Two thermoplastic polymers (PMMA and 
PC) and two  termoset  polymers reinforced by glass and 

18 



Interaction Mechanisms of Pulsed Laser Beams at Different Wavelengths with Matter 

graphite fibres were chosen as target materials. The 
influenced materials were investigated by both Scanning 
Electron Microscopy and Optical Microscopy. 

Conclusions: The experiments show clearly that hole drilling in the 
thermoplastic PM1VIA and PC can only be performed 
using the UV beam. The photon energy at 1064  nm  and 
532  nm  is too low and can only lead to thermal 
degradation of thermoplastic polymers. In the case of 
fibre reinforced epoxy, the thermal degradation of the 
matrix and fibres was severe both at the infrared and 
green wavelengths. The thermal damage effects are 
more pronounced for the carbon fibre reinforced 
composite than for the glass fibre reinforced epoxy, 
because the carbon fibres conduct heat much better than 
glass fibres. The strong absorption of UV light in the 
glass and graphite fibres will cause the fibre to break. 
At the same time, the  C  —  C  and  C  —  H  covalent bonds 
which bind the epoxy matrix can be photo chemically 
dissociated. This will result in quite clean drilled holes 
for both types of fibre reinforced composites sheets. 
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6. Conclusions and future work 

The measurement and visualization methods described in this thesis 
have shown that it is possible to study such events as response of the 
processed material to the laser irradiation. By using cross-correlation 
method one can get information about the size of the heat affected zone. 
A quality control of percussion drilled holes using  SEM  and Optical 
Microscopy is also possible. Also, it is checked and confirmed that 
shorter wavelengths are most suitable for processing of materials, 
partially due to increased absorption at shorter wavelengths in 
comparison with the fundamental 1064  nm  Nd:YAG laser wavelength. 

For future work, it would be convenient to study hole drilling, using 
metals as copper, silver and stainless steel. It is possible to detect the 
heat affected zone using speckle correlation method and comparing the 
results with metallographic investigation of drilled holes could give 
interesting results. 
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Abstract 

Pulsed irradiation from 002- and Nd:YAG lasers focused on the front side of 

different plates produces nearly instantaneous surface changes on the rear side of 

the plate. The responses of the materials depend on physical parameters such as 

pulse energy and duration, photon energy, the absorption and mechanical 

characteristics of the target material. The equipment built up for visualisation of these 

phenomena consists of a cw. He-Ne  laser, a digital CCD camera and a fast 

computer. The analysis is done using Digital Speckle Photography (DSP). Using 

focused and defocused laser speckle patterns, DSP enables measurement of in-

plane strain fields, Brownian motion and residual micro-structural changes in the 

material caused by a laser pulse. Results are obtained at the frame rate of the digital 

camera and allow the creation of animated real-time or "movie" sequences. 

Results from 002- and Nd:YAG pulse interaction on A1203  ceramics and steel 

plates will be presented. The Brownian motion during the relaxation phase is more or 

less localised to the impacted area for both materials and both wavelengths but the 

relaxation times differ significantly. Steel also exhibits some residual material 

changes and doesn't recover completely while A1203  returns to its initial state some 

time after the impact. 

Keywords: Digital Speckle Photography (DSP), in-plane displacements, speckle 

correlation, speckle pattern, defocused laser speckles. 



1. Introduction 

The collection of information about the parameters for high precision 

processing of different materials is very important today. The interaction mechanisms 

between laser irradiation at different wavelengths with different materials have to be 

explored in detail, to be able to ensure proper processing conditions. 

At the Division of Experimental Mechanics and the Division of Production 

Engineering at  LTU  (Sweden) equipment for the on-line and real time study of 

deformation and strain processes has been developed, with which very valuable 

information about laser-materials interactions can be obtained. Earlier experiments 

investigating the interactions between laser irradiation and different materials studied 

only the 'before' and 'after condition of the material 1-3. In our case this interaction 

before, during and after impact was visualized and studied. 

In order to investigate the mechanism of interaction between the laser 

irradiation and different materials several experiments were performed. The main 

idea to evaluate this mechanism is to use specific features of the laser speckle 

pattern from diffusely reflection objects analysed using Digital Speckle Photography 

(DSP). 

The laser speckle pattern is random but will depend on the local topology of the 

object. If the surface deforms and changes, the speckle pattern will move in 

proportion to the deformations and the local microstructure of the speckle pattern will 

change. Hence, by calculating the temporal cross correlation of the speckle pattern 

as the object deforms, a measure of the areas that undergo local topological changes 

is obtained as well as a vector field that is proportional to the deformation. If 

defocused speckles are used the vector field represents strain. So, phenomena such 

as plasticity and impact can be studied. 

In this paper a method to determine the behaviour of various materials such as 

Stainless Steel (SS), Mild steel and A1203  before, during and after irradiation with 

focused laser beams from CO2  and Nd:YAG is presented. Calculation for strain fields 

was also performed. 
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2. Digital Speckle Photography applied to speckle correlation, in-plain 

deformation and strain field measurement 

Digital Speckle Photography (DSP) is a computer-based technique that 

determines the deformation and structural changes of a characteristic pattern, so 

called speckle pattern, associated with the object 4. The images are captured using a 

CCD camera. The changes of the pattern are calculated between sub-images of the 

images using a digital cross correlation approach 5 '6. This gives a peak whose 

position gives the mean translation between the sub-images and whose height gives 

the structural similarity between the sub-images. 

The DSP system used in this work is shown in Figure 1. The images are 

captured by a CCD-camera (Sony XC-77 that has been rebuilt with synchronous 

pixel clocking, with a resolution of 512x512 pixels) equipped with a high quality 

camera lens and transferred via a frame grabber card (Leutron vision LFS-AT) to a 

personal computer where the image processing is taking place. 

A measurement is started by recording two images of the characteristic pattern 

with an intermediate deformation. The deformation of the object between the two 

exposures is determined by repeatedly cross correlating sub-images from the two 

patterns, see Figure 2. With the aid of a FFT algorithm, the cross correlation is 

efficiently calculated in the frequency domain where the conjugate of the spectrum 

from one of the sub-images is multiplied with the spectrum of the other sub-images. 

The position of the peak in the correlation surface gives the local speckle 

displacement vector and the height gives the structural similarity between the speckle 

patterns. 
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PC 

White light or laser illumination 

Fig. 1. Schematic of the simple experimental set up for electronic 

laser speckle photography. 

  

Y 

 

  

Displacement field  

,•12 

Correlation surface 

Fig.2. Principle of the DSP method, the cross-correlation of two sub-images 
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The motion of the speckle pattern is on a component form given by 

A 	- 	a  \ + a 7 ' 1 1.  ± AL  [1 	\-\ 	•y(e +1-27) (1 + 1  sz)Q,1,  
M 	M 

(1) 
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A y  =  	
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where A  \ and A) are measured speckle displacements; a,.and Cl1  are object 

displacements;  E  ,  E"  and 6.» are in-plain components of the strain tensor; C2  , 

C2 ) and Qz are the components of the rotation vector; \ , \) and /,•7  are known 

directional cosines of the illumination, /, and /, directional cosines of the imaging; 

AL is a known defocusing distance; and M is the demagnification of the system. It is 

seen as long as the camera is focused onto the object surface, the speckles move in 

proportion to the motion of the object surface. This means that the surface 

deformations are obtained immediately from the speckle displacements only through 

a multiplicative factor. If, on the other hand, defocus is present in the imaging the 

measured speckle motion will depend also on strains and rotations of the object. 

Assuming that 6.1-1 = I-2 z = 1-2 -\ = C2) =0, which is a reasonable approximation for an 

isotropic material point heated by a laser pulse, and introducing polar co-ordinates 

Eq. (1) is re-written as 
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If AL•l„ • „»a„ and AL•1„•e„»a„ we can express the radial speckle motion 

such as 
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3. Experimental set-up 

PC 	 M2 

The target 

 

L2 
CO2  laser 

Nd:YAG  

assuming /„ = / . Hence the speckle displacement is directly proportional to the 

local strain in the material. 

The speckle correlation value gives the structural similarity between the sub-

images before and after deformation. This value in turn is proportional to the 

topological changes in the material caused by the laser pulse. The exact relation 

between the speckle correlation value and the amount of topological changes vary 

between materials but as a rule of thumb an average change in the micro-topology of 

the order of 10 percent of the wavelength gives a drop in correlation value to about 

0.2. Hence, the speckle correlation is a very sensitive measure for small changes in 

the topology. In the following experiments the correlation value will be used to 

characterise the material response due to a high intensity laser pulse, to quantify the 

extension of the interaction area, and to investigate the different time scales involved. 

A detailed description of the technique can be found in Ref 7. 

Pin-hole 

L1 •===> 

M1 

 

He-Ne  laser  

 

Fig. 3. The experimental set up: 

solid line for experiments with the CO2  laser, 

dashed line for experiments with the Nd:YAG laser. 
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The experimental set up is shown in Figure 3. It consists of a He-Ne  laser for 

illumination of the diffusely scattering sample, a CO2  or a Nd:YAG for impacting the 

sample from the front side, a CCD-camera for capturing the speckle patterns before, 

during and after the impact of the laser pulse. Various optical tools and appropriate 

software are also used. 

Laser speckles are produced in an image whenever a diffusely reflecting object 

is illuminated by coherent radiation. In this case the target is illuminated by a He-Ne  

laser to produce the speckles necessary for the measurements. From the front side 

the target is impacted by pulses of the TEA CO2  or Nd:YAG laser. The target is 

placed on a fixture and clamped rigidly. Focused and defocused laser speckle 

patterns (created from the He-Ne  laser illumination) were captured using a CCD-

camera during the event. 

CO2  lasers emit light in the far infrared part of the spectrum with wavelength of 

10 600  nm.  The duration of the pulse is about 100  ns  and peak power is about 40  

MW.  The photon energy is 0.115 eV. 

Nd:YAG lasers emit light with a wavelength of 1064  nm.  The photon energy is 

1.17 eV. In these experiments pulses with durations of about 200 ms and peak 

powers of about 800 W were generated. 

The light from the He-Ne  laser is guided via mirror M1 to the lens system L1. 

After lens system L1 the light is guided via mirror M2 to the object. The pinhole is 

used to obtain a smooth illumination of the target. The interchangeable lens system 

L2 focuses the Nd:YAG and CO2  laser pulses on to the front side of the target. 

The images of undisturbed and disturbed speckle structures from the diffusely 

scattering target are captured using a CCD-camera (Sony -77ce, with a resolution of 

512x512 pixels). By recording the speckle images from the target before and at 

different times during and after the impact allowed the visualization of the temporal 

behaviour of the changes caused by the impact. The correlation between these 

images are thereafter analysed using the technique described in section 2. 

The results are in the form of a 3-dimensional colour diagram showing 

correlation values and a 2-dimensional arrow's diagram showing speckle motions 

around the impacted area. The correlation maps show the amount of local material 

changes and the arrow maps are proportional to the strain and/or deformation fields 

of the test area depending on the amount of defocus introduced. Finally, we have to 
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analyse the results. Several series of measurements for each material were 

performed to check repeatability. 

4. Experiments and results 

The experiments were divided into two parts depending on the type of laser 

used to create the impact: 

4.1 Different materials impacted by a CO2  laser pulse 

The position of the CCD-camera denoted by the solid line in Figure 3 was 

used. The visualisation of changes of speckle structure before, during and after the 

impact of a 0.1 mm sheet of Stainless Steel (SS) is presented as a movie that you 

can find on the web pages: http://www.sirius.iuth.se/mansys/Olda/ny  sida  1.htm, 

http://www.sirius.luth.se/expmek/Natashaistart  dada 1.htm. To create this movie 

multiple laser shots were used and 50 images of the speckle structure (each of 0.2 

sec during 10 sec) were captured using the CCD-camera. The pulse power was 800 

W. This movie is a very good way to visualise the process of nearly instantaneous 

changes of the speckle structure, which arise in the steel sheet before, during and 

after the impact. 

In another experiment a plate of A1203  was used as a target. The thickness of 

the sheet was 1 mm. Single and multiple shots of laser radiation were used and 

images of focused and defocused speckles were investigated. The results in Figure 4 

show the correlation values between images at different times before, during and 

after the impact: single shot (a) and multiple shots  (b).  As seen in Figure 4.a the 

changes in the correlation surface are very local and the correlation value is 

completely recovered to the initial state in a few minutes after the impact. In case of 

multiple shots (Figure 4.b) the target is more heated by the laser pulses. The time for 

recovering is similar, but the behaviour of the correlation is completely different. The 

heat is transported in a larger distance from the impact spot. As shown Figure 4.  b  

the whole correlation surface moves down doesn't recover completely about 2 

minutes. It means that the target has residual deformations caused by the laser 

irradiation. 
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(a) 
After 6 sec After 52 sec After 126 sec After 112 sec  

(b)  

Before irradiation 

After 1 sec After 3 sec 

Before irradiation 

After 3 sec 

Immediately after imnact 

After 22 sec 

Immediately after impact 

Fig.4. A1203  before and after irradiation by single (a) and multiple  (b)  TEA CO2  

laser pulse 

Experiments with a steel sheet as a target were performed as well. The steel 

sheet was processed with abrasive paper to obtain a high quality of the speckle 

structure. Typical results for mild steel are shown in Figure 5. These results show that 

the laser-material interaction results in some permanent deformation of the surface of 

the sample about five times as wide as the interaction spot. 
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Immediately after Before irradiation 

After 2 sec After 4 sec 

After 8 sec 
	

After 53 sec 

Fig. 5. A metal sheet before and after 

irradiation by multiple TEA CO2  laser 

pulses 

4.2. Different materials impacted by a Nd:YAG laser pulse 

For these experiments the position of the CCD camera denoted by the dashed 

line shown in Figure 3 was used. This is a safe position for the CCD camera to avoid 

damage from direct laser irradiation. 50 images were captured automatically before, 

during and after the impact at a frame rate of 10 Hz. As was mentioned above, for 

these experiments A1203  and stainless steel were used as targets. Single shots of 

laser irradiation with different pulse energies (160  J,  200J) were used and images of 

focused and defocused speckles were investigated. The pulse duration was 200 ms. 

In the first set of experiments a sheet of A1203  with a thickness of 1 mm was 

used as the target. Some results are shown in Figure 6. For these images defocused 

laser speckles were used and the energy of the laser pulse was 200  J.  One can see 

that the A1203 sheet almost completely recovers to its original condition after only 4.5 

seconds. The movie of images of speckle structure is found on the web pages: 
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Before irradiation 
_ . 

14. 

After 1 sec 

•  

Arter u t) sec 

aner in sec 

After 3 sec 

http://www.sirius.luth.seimansys/Olqa/ny  sida  1.htm, 

http://www.sirius.luth.se/expmek/Natashaistart  page 1.htm. The bright flash in this 

movie is characteristic of these experiments. This flash arises because A1203  is 

partially transparent for the  IR-light of the wavelength 1 064  nm.  On this web page 

the movie of correlation images for this experiment can also be found. 

Stainless steel was also investigated using defocused laser speckles. Figure 7 

(a),  b), c))  shows the changes in correlation, detected speckle motions and the 

calculated strain arising from a Nd:YAG laser pulse with a energy of 160  J,  

respectively. In this case the remaining strain is about 5 millistrains close to region of 

impact. On the web pages movie 7 images of speckle structure raw-images, a  3-

dimensional  figure showing correlation and a 2-dimensional figure showing strain and 

deformation fields can be found. 

Fig.6 A1203 before and after irradiation 

by Nd:YAG laser 
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After 3.5 sec  
(b)  

After 5 sec 

After 2 sec After 3.1 sec 

After 3.5 sec 

(a) 
After 5 sec 

After 1 sec Before irradiation Before irradiation 	 After 1 sec 

After 2 sec 	 After 3.1 sec 

 

After 1 sec 

Fig. 7. A stainless steel target before 

and after irradiation by Nd:YAG laser; 

(a) shows the 3-dimensional correlation 

maps, different colours correspond to 

different correlation values ;  (b)  speckle 

motions. The noisy region in the centre 

of the image corresponds to the 

interaction region;  (c)  shows the 

contours and calculated values of the 

radial strain. 

Before irradiation 

    

After 2 sec 

 

After 3.1 
set- 

 

    

After 3.5 sec 
	

After 5sec 

(c)  
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5. Conclusion and future work 

Several interesting observations emerge from the experimental results: 

The first observation is, that we have a smaller value of absorption for metal 

than for A1203 for the CO2 laser radiation  (X  = 10 600  nm);  and we have a higher 

value of absorption for mild steel, than for A1203  when using an Nd:YAG laser. This 

can be seen from the raw-movies and from the figures. 

The second observation is that in case of the CO2 laser, A1203  recovers 

completely after single shot to its original state about 2 minutes after impact. For 

multiple shots it did not recovers completely. In case of single shot, the heating is 

located around the area of the impact, but for multiple shot the heat is transported in 

a larger distance from this spot. Hence, the behaviour of correlation is completely 

different as can be seen from the figures. The area of the correlation changes caused 

by the impact is several times bigger than the spot of the interaction. 

Typical results for mild steel show some permanent deformation of the surface 

of the sample, which is caused by the impact. 

In the case of SS as target, which is impacted by Nd:YAG laser pulse, we 

observed that SS has some residual deformations and did not recover completely to 

the initial state. These results are clearly related to the higher absorption coefficient 

of the materials at X=1064  nm.  

In this paper a method based on displacement and the correlation of focused 

and defocused laser speckle patterns for visualization and measurement of in-plane 

strain fields and visualisation of material changes using a Digital Speckle 

Photography system has been presented. 

Looking forward, the investigation of interaction mechanisms between laser 

irradiation and different materials will continue. The latest developments within laser 

technology use short wavelength laser beams. These short wavelengths are 

generated with non-linear optical crystals. At shorter wavelengths, the energy of the 

photons increases from 1.17 eV at 1064  nm  to 2.34 eV at 532  nm  and to 4.68 eV at 

266  nm.  
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At such photon energies the absorption of metals increases dramatically. It is 

possible to drill and cut metals, like Cu, Au and  Ag,  which is difficult with an infrared 

beam. For the processing of ceramics and polymeric composites, the higher photon 

energy allows the break down of chemical bonds, thus reducing the detrimental 

thermal affects on these materials. Crack formation in ceramics and carbonization of 

the polymeric materials can be avoided. The correct processing of such materials is 

of very high interest within the medical, electronic and aerospace industries. So, the 

next step will be to repeat our experiments using pulsed Holographic Interferometry 

and the Second and Fourth Harmonic Wavelength of the Nd:YAG laser. 
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Abstract 

When drilling advanced engineering materials with an  IR  laser beam, the 

dominant interaction mechanism is thermal which can lead to thermally 

induced strains in the interaction zone and an increase in residual 

stresses and even the formation of cracks. By using the second 

harmonics of a diode-pumped and AOQ-switched Nd:YAG-laser beam, 

the risk for cracking can been significantly reduced by changing from a 

purely thermal to a photo-ablative process as the interaction mechanism. 

Speckle correlation is a highly sensitive method for visualizing surface 

changes. This technique has been used in situ and on-line, to calculate 

in-plane displacement fields around the focused spot of the processing 

beam when drilling silver sheets and SIC-Diamond composite sheets with 

laser beams with different wavelengths. This work is part of a larger 

project investigating interaction mechanisms during micro-machining of 

different materials using beams of different wavelengths. 

Keywords: Percussion hole drilling, Silver, SIC-Diamond composite 



1. Introduction 

Micromachining of advanced materials with Nd:YAG lasers is a promising 

technique that has been utilized practically for marking, scribing, 

welding etc. Generally, when using the fundamental wavelength, the 

dominant interaction mechanism is thermal. This causes thermally 

induced strains around the focused laser spot. These strains often lead 

to increased residual strains, changes in the surface structure, and the 

formation of cracks. By using the second harmonic of a diode-pumped 

and A0Q-switched Nd:YAG-laser, the risk for cracking can been 

significantly reduced. This indicates a reduction of thermal influences 

and an increase of photo-ablation as part of the interaction mechanism. 

Information about these processes is mainly obtained through visual 

inspection using i.e. Scanning Electron Microscope images. 2  These 

measurements are limited to observing the sample before and after the 

processing. 3  There are several high resolution non-contact techniques, 4  

that can be used to measure the average displacement during processing 

of the material. However, these techniques have yet to be demonstrated 

for laser percussion hole drilling. Miroshnikova  N.  et al, 5  presented some 

preliminary results where the dynamical behavior of subjective laser 

speckle patterns were used to quantify the behavior of different 

wavelength processed with pulsed lasers. 

In this paper the use of the correlation maps resulting from the 

structural changes of subjective laser speckle pattern is further 

developed. This technique has allowed the interaction mechanism before, 

during and after laser irradiation to be observed. The main idea is to 

analyze specific features of the laser speckle pattern appearing from 

diffusely reflecting objects illuminated by laser light, using Speckle 

Correlation also known as Digital Speckle Photography (DSP). 6' 7  The 

laser speckle pattern is random but depends on the local topology of the 
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surface. If the surface topology changes, for example during laser 

processing, the speckle pattern will change in proportion to the changes 

in the local microstructure of the object. Hence, by calculating the 

temporal cross correlation of the speckle pattern as the object is 

irradiated, a measure of the local topological changes is obtained. A 

similar technique has previously been used to quantify corrosion, 8  and 

heat resistance in ceramics. 9  In this paper we use it to quantify the size 

and temporal evolution at the heat affected zone in the material during 

processing. 

2. The principle of Speckle Correlation 

Speckle Correlation is a computer-based technique that can be used to 

determine the deformation and topological changes of a characteristic 

pattern, so-called speckle pattern, associated with the micro-topology of 

the surface. 10  In the present paper focused laser speckles are used. 

A laser speckle pattern is obtained when a diffusely reflecting object is 

imaged in laser light. The first stage of the experiment involves taking a 

reference image, following this, images of the surface during processing 

are captured using a CCD camera equipped with a high quality camera 

lens. The individual images are then transferred via a frame grabber 

card to a personal computer. Image processing, in the present work, was 

then carried out after the experiment. 

The captured images were divided into small sub-images, the size of the 

sub-image defining the spatial resolution of the results. A typical sub-

image size would be 16x16, or 32x32 pixels. 

A digital cross correlation approach was used to carry out the 

mathematical comparison of the sub-images (Fig. 1(a)). The cross 

correlation was calculated using an FFT algorithm, in the frequency 

domain. 
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(a)  

 

  

(b) 
	

(c)  

Fig. 1. The principle of Speckle Correlation: (a) cross correlation between 

two sub-images.  (b)  the 3-dimensional correlation map representing 

calculated correlation values: and  (c)  vectors representing the calculated 

speckle motion. The noisy area in the centre of the image has been 

removed for clarity. 

The conjugate of the spectrum from the sub-image(s) taken from the 

reference were multiplied with the corresponding spectrum from 

subsequent sub-images taken from the time sequence obtained during 

observation of the process: 

(1) 

where c(p,q) is the discrete two-dimensional cross-correlation between 

the sub-images, 	F-1  is the inverse Fourier transform, H 1  and  H,,  
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represent the Fourier transform of the features within sub-images  si  (a 

sub-image from the reference image) and s2 (the corresponding sub- 

image from the deformed image), respectively; is complex conjugation. 

The location of the maximum value of (1) gives a peak, whose position 

gives the mean displacement between the sub-images and whose height 

represents the similarity between the speckle patterns in the sub-images 

(Fig. 1(a)). If the process of comparing sub-images is repeated across the 

total image area, a full deformation and correlation maps respectively, 

can be obtained see Fig. 1(b). 

Fig. 1  (b, c)  demonstrate the principle of Speckle Correlation. Fig. 1(b) 

shows the correlation map where transition from white to black 

corresponds to different correlation values. Fig. 1(c) shows speckle 

motions. The noisy area in the centre of the image corresponds to the 

region where the processing beam impacts. 

In the present paper only the correlation field will be considered. The 

speckle correlation value represents the similarity between the speckle 

pattern in the sub-images before and after deformation. This value in 

turn is proportional to the topological changes in the material caused by 

the effect of the processing laser pulses on the observed object. The exact 

relation between the speckle correlation value and the amount of 

topological changes vary between materials but as a rule of thumb, an 

average change in the micro-topology of the order of 10 percent of the 

wavelength gives a drop in correlation value to about 0.2. Hence, the 

speckle correlation is a very sensitive measure for small changes in the 

topology. In this paper the correlation value will be used to determine the 

size of the heat affected zone around the hole being processed, to detect 

thermal inhomogeneities in the material, and to quantify the different 

time scales in the process. A detailed description of the technique can be 

found in Ref. 6, 7, 11, 12. 
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3. Experimental set-up 

The experimental set-up is shown in Fig. 2. The set-up consists of a 

processing laser and an illuminating laser. The processing laser was a 

diode-pumped Nd:YAG laser with acusto-optical  Q-switching, emitting 

pulses with a duration of 100  ns,  and with Intracavity Second Harmonic 

Generation Crystal (SHG). The rear side of a target was illuminated by a 

continuous wave He-Ne  laser. A mirror was used to reflect the light from 

the He-Ne  laser onto the target surface and back onto the CCD camera; a 

PCO Sensicam with resolution of 1024x1280 pixels and equipped with a 

high quality camera lens. This camera can be externally triggered and 

the exposure time controlled (from 1  ps  up to 10 ms). In all experiments 

the exposure time was 600  ps.  

Image acquisition was triggered by a photo detector. The trigger pulses 

were arranged so that images were captured following the falling edge of 

the processing laser pulse. The exposure time was always shorter than 

the dwell time between the processing pulses and allows recording of the 

speckle fields in between the processing laser pulses even at a pulse 

repetition frequency of several kHz. In the present set-up, images were 

not captured after every processing pulse, but rather at a lower 

frequency, typically 4 Hz, i.e. once after every 250 processing pulses with 

a pulse repetition frequency of 1 kHz. Up to 50 images were typically 

taken. The captured images were transferred via a frame grabber card to 

a personal computer where the image processing took place. 

The images of undisturbed and disturbed speckle structures during and 

after irradiation of the target by Nd:YAG laser pulses were taken from the 

rear side of the target. The correlation between the speckle images before, 

during and after the irradiation was analyzed using the technique 

described in section 2. This allowed the temporal behavior of the changes 

caused by the processing to be visualized. 
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Mirror 

Mirror  
for  He-Ne  

The results are presented in the form of diagrams, showing correlation 

values. The correlation maps show the amount of local micro-structural 

changes in the material of the test area. Several series of measurements 

for each target material were performed to ensure repeatability. 

Focused  processing  beam,  
1064  nm,  532  nm  
100 ns, 1 kHz 

The target 

PD. Camera trigger 

CCD  camera, with  
bandpass  filter for 633  nm  

He-Ne  laser. 633  nm  

for generating the 
Speckle Patterns 

Fig. 2. The experimental set-up. 
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4. Materials drilled by Nd:YAG laser pulses 

Experiments were carried out using processing beams of two different 

wavelengths, the fundamental at 1064  nm  and the second harmonic of 

532  nm.  Pulses with a fixed amount of energy (16 mJ for the  IR  beam 

and 8 mJ for the green beam) were fired at two different target materials: 

a 0.5 mm thick silver sheets and a 2 mm thick composite of SiC-

Diamond. The pulse peak power was above 10 kW. 

Some parameters of the processing laser irradiation were kept constant: 

1) the pulse repetition frequency was 1 kHz, to provide a more narrow 

pulse shape and consequently a higher peak power which leads to a 

smaller hole entrance diameter; 2) the pulse duration was 100  ns;  3) and 

the spot diameter was about 100 pm for both wavelengths. 

The spot diameter of the processing beam was calculated from equation 

(2): 

42f 
d = 	M 2 ; (2) 

where A. is the laser wavelength, f the focusing distance of the lens,  D  

lens diameter, and M 2  is the beam quality factor. /14 2  for the  IR  and for 

the green beam equal 24 and 12, respectively. 

The speckle images and the correlation images are best viewed in the 

form of "movie sequences" which were made to visualize the interaction 

mechanism. A few movies can be found at: 

http: / /www.sirius.luth .se  Anansys /Olga inv  sida  1. htm. 
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5. Results and discussion 

Figure 3 shows the images of the speckle structure captured during 

processing. Fig. 3(a) shows the speckle structure before processing was 

started, Fig. 3(b) ca. 2000 pulses after processing was started, Fig. 3(c) 

and Fig. 3(d) - after 3000 pulses and about 1 second after processing 

was stopped, respectively. One can see that the edges of the image are 

illuminated less than in the centre. This will introduce errors in the 

calculations of the correlation maps, and therefore these parts of the 

image were not processed. In this paper also only the results with green 

light are considered in detail. 

Fig. 4 shows the calculated correlation fields associated with the speckle 

images in Fig. 3, respectively. As expected the average correlation value 

in Fig. 4(a) is 1, since that image was acquired before the processing 

started. In Fig. 4(b), ca. 2 seconds after processing was started a change 

in the correlation map can be observed, the heat affected zone can be 

detected, arid it is about 0.8 mm. The average correlation value is 0.53. 

At this point we can say that the heating of the material took place and 

the processing beam started to create the hole. After 3000 pulses (Fig. 

4(c)) and 1 second after the processing has stopped (Fig. 4(d)) the 

diameter of the heat affected zones have the same size, about 0.8 mm, 

and after the hole was created, the average correlation value decreased 

not significantly, from 0.5 to 0.45, respectively. The accumulated 

irradiation time for drilling the hole was about 0.3 ms with a 

corresponding energy of 24  J.  The ablation rate is about 160 nm/pulse. 
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Fig. 3. Speckle images captured before (a), during  (b)  and  (c),  and after  (d)  

the drilling of a 0.5 mm silver sheet using focused 532  nm  laser pulses. 
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Fig. 4. Correlation maps calculated from the images in Fig. 3. (a) The 

correlation map before processing started,  (b)  after about 2000 pulses,  (c)  

after about 3000 pulses, and  (d)  about 1 second after processing stopped. 
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It was found to be difficult to drill a hole in the sheet using a processing 

beam with the fundamental wavelength of 1064  nm  due to the high 

reflectivity of silver at this wavelength and also its very high thermal 

conductivity. Processing times with the  IR  beam were significantly longer 

(8000 pulses) than with the green beam and the resulting thermal 

deformations correspondingly larger. The calculated irradiance is about 

100  J  /cm2  and 200 J/cm2  for 532  nm  and 1064  nm,  respectively, at the 

beam waist. The absorption coefficient is, however, twice as high at 532  

nm  than at 1064  nm  for cold silver at normal incidence, indicating that 

the amount of absorbed energy is about the same for both wavelengths, 

at least at the beginning of the process. Comparing the process times, 

however, processing with the green beam appears to be at least twice as 

efficient as processing with the  IR  beam throughout the whole processing 

cycle. 

Holes were successfully drilled in a SIC-Diamond composite with a 

thickness of 2 mm using 532  nm  laser pulses and repetition rates of 1 

kHz and 5 kHz, respectively. Holes were created after about 50 000 

pulses. Typical elapsed times were about 10 seconds at 5 kHz or 50 

seconds at 1 kHz, with an integrated drilling time of only 5 ms (50 000 

pulses  x  100  ns)  with a corresponding energy of 400  J.  In Fig. 5 the 

significant processing stages of the SiC-Diamond are presented. During 

experiments 50 images were captured. The frame rate was 1 frame/sec. 

Fig.5(a) shows the correlation map calculated before processing started, 

average correlation value is 1. No changes in the correlation values were 

observed until the 45th image (Fig. 5(b)), corresponding to 45 000 pulses, 

because both SiC and Diamond have high modulus of elasticity (430 GPa 

and 1035 GPa, respectively). The diameter of the heat affected zone is 

0.32 mm. At this point the thickness of the material is small enough to 

give detectable surface changes on the rear side of the sample. The 

average correlation value is about 0.85. In Fig. 5(c) and Fig. 5(d) 

correlation maps calculated after 47 000 pulses and 50 000, respectively, 
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are shown. The diameters of the heat affected zones were 0.7 mm for 

both cases and the average correlation values are 0.75 and 0.8. 

respectively. The ablation rate in this case is 40 nm/pulse. 

Fig. 5. Correlation maps calculated from the images of a 2 mm SiC-

Diamond composite. (a) The correlation map before processing started,  (b)  

after about 45 000 pulses,  (c)  after about 47 000 pulses, and  (cl)  after 

about 50 000 of processing pulses. 

Using the fundamental wavelength about 1 000 000 pulses of 16 mJ 

each were needed to create a hole. This represents about 16 kJ of total 

energy input with an integrated drilling time of about 100 ms. The 
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ablation rate in this case is 2 nm/pulse. These values differ by a factor of 

20 compared to processing with the second harmonic (532nm). This can 

be explained by the fact that the composite material (consisting of SiC-

Diamond with a Cobalt binder) has a higher coefficient of absorption at 

shorter wavelengths, and also that the green beam has higher photon 

energy than the  IR  beam. 

Scanning Electron Microscope investigations of the samples were made 

to be able to observe the quality of the drilled holes. The SiC-Diamond 

composite drilled by the 532  nm  beam is shown in Fig. 6, (a) entrance 

side and  (b)  exit side. The same material drilled using the 1064  nm  beam 

can be seen in Fig. 7, (a) entrance side and  (b)  exit side of the hole. 

(NOTE: The entrance and exit images are at different scales!) 

The size of the heat affected zone shown in Figures 4 and 5 for silver and 

for SiC-Diamond composite, respectively, can be connected with the 

differences in the heat propagation mechanism of the materials. 

Particularly, it can be explained that the structure of the SIC-Diamond 

composite is more complicated and not homogeneous. The sample is 

produced by hot isostatic pressing (HIP) of a mixture of small diamond 

and SiC crystals, with a few percent of cobalt powder as the binding 

material. The value of the heat conductivity of SiC is 80 W/mK and for 

Diamond is about 2000-2500 W/mK. Therefore, the magnitude of the 

heat conductivity of SiC-Diamond composite can only be estimated 

approximately from the individual values. Assuming the magnitude of the 

heat affected zone can be correlated with the average thermal 

conductivity, it can be concluded that the average heat conductivity of 

the SiC-Diamond composite is of the same order of magnitude as that of 

pure silver. Thermal damage can be seen in both figures, but in Fig. 6 

the thermal damage is less and there is no significant spatter around the 

hole. In Fig. 7 the thermal dissociation and oxidation of SIC-Diamond 

with  IR  beam can be observed. As one can see in Fig. 7(b) the small 
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diamond crystal is remained uninfluenced due to its very high 
transitivity at 1064  nm.  

(a) 
	

(3) 

Fig. 6.  SEM  images of a 2 mm thick SiC Diamond composite, drilled by 
using 532 rim laser pulses. (a) beam entrance side:  (b)  beam exit side. 
The pictures have different scales! 

(a)  (b)  

Fig. 7.  SEM  images of 2 mm thick SIC Diamond composite, drilled by using 

1064 am laser pulses. (a) beam entrance side;  (b)  beam exit side. 
The pictures have different scales! 
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6. Conclusions 

In the present paper we have introduced speckle correlation as a tool to 

investigate laser percussion hole drilling during processing. The speckle 

correlation results give information about the size of the heat affected 

zone and the different time scales involved in the process. Two materials, 

pure silver and SiC-Diamond composite, were investigated during 

processing at two wavelengths, the fundamental at 1064  nm  and the 

second harmonic at 532  nm  of the Nd:YAG laser. 

The experiments show that percussion drilling with green light at 532  nm  

is more efficient than drilling with 1064  nm,  eventhough the amount of 

absorbed energy per cm2  is about the same. The heat affected zone when 

using green light is the same for both materials and hence they have the 

same average heat conductivity. 
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Abstract 

In this paper a comparison of the percussion drilled holes in fiber reinforced 

polymer and non-reinforced thermoplastic sheets using three wavelengths, 1064  

nm,  532  nm  and 266  nm  is presented. At near InfraRed and visible wavelengths, 

1064  nm  and 532  nm,  most of the bulk thermoplastic and thermoset polymers 

are partially transparent. The degree of transparency is dependent upon the 

degree of crystallinity: The most amorphous thermoplastics, such as PMMA have 

the highest transparency. In comparison, the fibre reinforced thermosets — 

graphite fibre reinforced epoxy — have low transparency. 

If the  IR  or visible laser beam is strongly focused, it can cause thermally induced 

degradation and sometimes burning and other damages (cracking, boiling, etc.) 

around the focused laser spot and the interaction zone. 

By using the fourth harmonics ultraviolet light (266  nm)  of a diode-pumped and 

A00-switched Nd:YAG-laser with pulse duration of about 100  ns,  the hole drilling 

process was significantly improved and the risk for thermal damage has been 

significantly reduced for both materials. 

Around the irradiated spot or drilled holes the material is influenced. This was 

investigated by both Scanning Electron Microscopy and Optical Microscopy. 

There was clear evidence of a change in the interaction mechanism if UV light 

with high enough photon energy was used. By using UV light, bond breaking 



rather than thermal material removal occurred, i.e. a change from thermal to 

photo-chemical dissociation or photo-ablation becomes the dominant interaction 

mechanism. 

Keywords: Laser Drilling; Ultraviolet; Visible; Near Infrared Beam; Thermoplastic 

and Thermoset Polymers. 

1. Introduction 

When using short wavelengths and short pulse duration, the photon/material 

interaction will occur at a shallow absorption depth. To be able to create small 

features and to drill small holes with good quality, it is preferable to have short 

pulse duration, typically in the order of 100  ns  or less. 

This will give pulses with high peak power (above 5 kW). 

The dominant physical process involved in laser drilling can be thermal or 

photochemical, depending mainly on the wavelength of the laser beam. Shorter 

wavelengths (in the UV range) have higher photon energy and lead to photo-

chemical reactions. Longer wavelengths in the infrared range have lower photon 

energy leading to thermal reactions. There are primarily two processes that occur 

in the UV laser/material interaction, i.e. photochemical ablation and  photo-

thermal  ablation. 

In polymers, the mechanism of UV laser/material interaction can be explained as 

follows: The absorbed UV photons directly break the chemical bonds in a so 

called photo-chemical reaction. Thermal ablation, which also can be used in 

case of some thermoplastics, is the other possible mechanism. 

There is a threshold in photon energy or critical wavelength required to achieve 

bond breaking: The average binding energy for one  C  —  C  bond is about 347 

kJ/mol and for one  C  —  H  bond is about 414 kJ/mol. These values correspond to 
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photon energies between 3.6014 eV and 4.2967 eV, or, in the wavelength 

domain, between 344  nm  and 288  nm.  

To generate these wavelengths, Excimer lasers, frequency converted Copper 

Vapour Lasers (CVL) or frequency converted Diode Pumped Solid State Lasers 

(DPSSL) can be used [1]. 

All of these have their advantages and disadvantages. The Excimers can 

generate the shortest wavelengths and pulse durations, but have in general poor 

beam quality and are often restricted to be used in combination with mask 

projection. This is often combined with low pulse repetition frequency and 

therefore, slower machining or material removal rates. Several polymers are 

under investigation of interaction with Eximer laser radiation, were observed in 

Ref. 2. 

The CVLs have excellent beam quality and therefore are focusable to diffraction 

limited spot sizes. They can be readily frequency doubled and wavelengths of 

255 and 289  nm  can be generated. 

However, both Excimers and CVLs have high investment and operating cost and 

require a high degree of maintenance. Therefore, such lasers are often limited to 

use in highly specialised companies and laboratories. 

For general use, the DPSSL in combination with frequency conversion based on 

non-linear optical crystals promise a lower costs and reliable alternative. The 

main advantage of DPSSLs is their need of minimum of maintenance. The 

disadvantage of the DPSSL is that the pulse duration is often in the range of 100  

ns.  Therefore, even in the UV it is hard to avoid some thermal effects affecting 

the processed material. To completely avoid thermal influences, the pulse 

duration should be in the sub-nanosecond range [3]. 

In the present paper two kinds of polymers, thermoplastics and thermosets were 

used as target materials. To perform percussion drilling of above targets the 

fundamental wavelength, 1064  nm,  the second harmonic, 532  nm  and the fourth 

harmonic, 266  nm  wavelengths were used. 
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2. The target materials 

Polymer materials are classified in two major categories, thermoplastics and 

thermosets (or network polymers). The thermoplastic polymers consist of 

individual chain molecules [4]. The monomers forming the chains are bonded 

with strong covalent bonds 40 — 500 kJ/mol. The bonds between the chains are 

of a weaker type (van der VVaals < dipole < or hydrogen bonds), with energies 

between 0.2 — 20 kJ/mol. 

The function of these secondary bonds is to keep the material in solid state (If the 

secondary bonds are removed, a thermoplastic polymer will become a highly 

viscous liquid). The degree of transparency is dependent upon the degree of 

crystallinity. The most amorphous polymers, such as Polymethyl Methacrylate, 

PMMA, are the most transparent. Polycarbonate, PC is often partially crystalline; 

therefore, its transparency is lower than for PMMA. The thermoplastic polymers 

are often influenced by or are soluble in some solvents (e.g. acetone). 

Thermosets or network polymers consist of densely cross-linked networks, where 

the chain segments between cross-links have low mobility. The chain molecules 

are linked together by strong, covalent bonds even between the chains, forming 

a continuous network. Such a network can neither be dissolved nor become 

molten. The reason for this is that the covalent bonds prevent chain segments 

from slipping past each other [4]. 

Therefore, thermosets are difficult to drill or cut using infrared lasers, without 

severe carbonisation or pyrolysis, where the matrix is heavily damaged. The only 

reasonable possibility is if the wavelength of the laser is in the UltraViolet with 

corresponding photon energy higher than the binding energy of the covalent 

bonds. 
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3. Experimental set up and procedure 

3.1 The laser used 

The laser which was used for the experiments is a special version of a ROFIN 

RSY 200D/SHG continuously diode-pumped Nd:YAG one, with a dual-rod, 

symmetric resonator and birefringence compensation. This laser can deliver a 

continuous  IR  beam at 1064  nm  with a maximum power of about 200 W in  

multimode.  Interchangeable apertures can be used to change the beam quality 

from  multimode  (M2  = 12) to near Gaussian or low-order mode (M2  1.5 - 3), 

depending upon the inserted mode aperture and diode pumping current. Using 

the smallest apertures, the power is restricted to about 20 W, and the laser 

operates in the low order, close to TEM00  mode. The laser is normally pulsed 

using double Acusto-Optical 0-switches, emitting pulses with a duration of about 

100  ns  and a repetition rate of 0.1 —20 kHz. 

To generate the second harmonics at 532  nm,  intra-cavity frequency doubling is 

used, with a constant-temperature (25  °C)  angle-tuned LBO crystal (7x7x20 mm). 

The direction of polarisation for this beam is vertical and the average power in  

multimode  is in excess of 80 W. At low order or close to TEM00  mode, using the 

smallest apertures, the power is limited to about 10 W. 

To generate the fourth harmonic UV beam at 266  nm,  extra-cavity frequency 

doubling of the low order, 532  nm,  beam with a constant-temperature (25  °C)  

angle-tuned BBO crystal (5x5x7 mm) is used. The maximum average UV power 

which could be generated with this crystal using the 10 W green beam as source 

is about 2.5 W. In all cases, the average power was measured using a Spectra-

Physics 407A power meter (max range 30 W). 

The diode pumping power (at a current level of 39 A), the mode limiting apertures 

and the repetition frequency of 1 kHz were kept constant for all three 
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wavelengths. A pulse frequency of 1 kHz was chosen to provide a narrow pulse 

shape (pulse duration of 100  ns).  At this repetition rate, the duty cycle of the laser 

will be extremely low (A 0.1  ps  pulse duration gives a 999.9  ps  pause between 

the pulses), which will lower the thermal load on the target. Details of the average 

power and pulse energies used in the experiments are given in Table 1. 

The laser drilling was first performed at X=1064  nm.  The experimental set up is 

shown in Fig. 1. The light from the Nd:YAG laser (1) is guided via mirrors M1 and 

M2, through the beam expanding telescope (2). The beam was focused by an 

air-spaced achromatic lens L with focal length f=100 mm to a spot size of about 

60 pm. The  IR  beam was circularly polarized, due to a phase retardation plate of 

X/4, inserted in the beam path. 

Figure 1. Set up for the experiments with the 1,064  nm  (IR)  and the 532  nm  (Green) beam. 

1- Diode-pumped Nd:YAG laser with acusto-optical 0-switching and with an Intracavity Second 

Harmonic Generation Crystal (SHG) (Two separate beam paths can be selected). 

2- Beam expanding telescope 

3- The target  

Ml,  M2- Mirrors,  HR  for both wavelengths. 

L- Air Spaced Achromatic Lens, f=100 mm, AR/AR for the respective wavelength. 
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The set up used to perform experiments at 532  nm  was the same as for the 1064  

nm  IR,  shown in Fig. 1. The beam is deflected by mirrors M1 and M2 (both are 

highly reflective for 532  nm).  After mirror M2 the beam was expanded by a 

telescope (2) and then focused using an air-spaced achromatic lens L with focal 

length f=100 mm to a spot size of about 40 pm on the front side of the target. The 

lens has an anti-reflective coating on both sides. The beam was also circularly 

polarized by inserting another phase retardation plate of Ä/4. 

The set up used to perform experiments at 266  nm  is shown in Fig. 2. The light 

from the Nd:YAG laser (1) with wavelength X=532  nm,  is guided via the mirror 

M1 (high reflective for 532  nm).  The lens L1 (f=250 mm) focuses the beam into 

the Extracavity Fourth Harmonic Generation Crystal (FHG) (2), to get a high 

beam intensity for efficient conversion. The beam is collimated by lens L2 (f=250 

mm), reflected by M2, M3 and M4, harmonic separation mirrors, which are highly 

transmissive for 532  nm  and highly reflective for 266  nm.  The green light is then 

dumped in the beam dumps (3). The X=266  nm  beam passes the expanding 

telescope (4), and is finally focused by an air-spaced achromatic lens L3 (f=100 

mm) on the front side of the target (5). The spot size was of the order of 20 pm. 

The samples used in the experiments at all three wavelengths were clamped in a 

fixture, which was placed on an  x-y-z micro positioning stage (13x13x13 mm). 

This made it possible to fine tune the focusing of the beam  (x-direction) and to 

move the samples between individually irradiated spots in the  y-z plane. Typically 

arrays of 10x10 spots were irradiated by the focused beams with a spacing 

between the spots of 0.5 — 1 mm. 
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Figure 2. Set up for the experiments at 266  nm  (UV). 

1- Diode-pumped Nd:YAG laser with acusto-optical 0-switching and with intracavity Second 

Harmonic Generation Crystal (SHG), emitting 532  nm  pulsed beam. 

2- Extracavity Fourth Harmonic Generation Crystal (FHG) 

3- Beam dumps 

4- Beam expanding telescope, (10x) 

5- The target  

Ml-  Mirror,  HR  for 532  nm  

M2, M3, M4- Harmonic Separation Mirrors (HT for 532  nm, HR  for 266  nm)  

LI-  Focusing lens, f=250 mm, AR/AR for 266 & 532  nm  

L2- Collimating lens, f=250 mm, AR/AR for 266 & 532  nm  

L3- Air Spaced Achromatic Lens, f=100 mm, AR/AR for 266  nm  
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3. Results 

3.1 Thermoplastic polymers: PMMA and PC 

PMMA and PC are transparent or translucent in the near  IR  and the visible part 

of the spectrum. Therefore, no real hole drilling could be observed at these 

wavelengths: However, the strongly focused beam caused thermal deterioration 

— cracking and bubble forming/boiling — inside the materials. These defects could 

not be observed from the surface by Scanning Electron Microscopy  (SEM),  but 

could be seen by using Optical Microscopy (OM) on polished, sectioned samples 

Fig. 3 — 5. (Samples cut in the  x-y  plane parallel to the irradiation). The number 

of pulses used for all the samples are listed in Table 2. 

The PMMA and PC samples, 2 mm thick sheets, were irradiated by about 10 000 

pulses of the 1064  nm  beam. The pulse energy was 4.8 mJ and the photon 

energy 1.165 eV. The total energy input is about 48  J,  over a period of about 10 

s. The integrated irradiation time was about 1 ms. In the case of PMMA (Fig. 3.a) 

most of the energy is transmitted through the sample, but as a result of the 

irradiation, crack formation, some sub-surface inhomogeneities and some 

thermal damage occurred. In the case of PC (Fig. 3.b), significant thermal 

influence and bubble formation can be seen. During processing, burning of the 

front surface could be observed. At 532  nm  about 2000 pulses were needed to 

influence the samples. The pulse energy used was 2.8 mJ and total energy input 

is 5.6  J,  over about 2 s. The integrated time of irradiation was only 0.2 ms. 

The PMMA sheet (Fig. 4.a) could not be drilled, but some inhomogenities and 

thermal degradation could be observed. This indicates that most of the energy 

transmitted through the sample. The PC samples (Fig. 4.b) could be drilled using 

the 532  nm  beam (2000 pulses); the thermal damage which can be observed 

was much less than for the 1064  nm  irradiated samples. 
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(a)  (b)  

Figure 3. (a) A 2 mm thick PMMA sheet, irradiated with a focused beam at 1064  nm,  by 10 000 

pulses;  (b)  A 2 mm thick PC sheet irradiated with a focused beam at 1064  nm,  by 10 000 pulses. 

(a)  (b)  

Figure 4. (a) A 2 mm thick PMMA sheet, irradiated with a focused beam at 532  nm,  by 2000 

pulses;  (b)  A 2 mm thick PC sheet, drilled with a focused beam at 532  nm,  by 2000 pulses. 

(a)  (b) (b)  

Figure 5. (a) A 2 mm thick PMMA sheet, drilled with a focused beam at 532  nm,  by 5000 pulses;  

(b)  A 2 mm thick PC sheet, drilled with a focused beam at 532  nm,  by 5000 pulses. 
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Irradiation of polymers using UV light with energy density greater than 10 J/cm2  

leads to photo-ablation. The absorption is strongly dependent on the applied 

wavelength. In this case, the energy density was in excess of 150 J/cm2. Both 

PMMA and PC sheets could be drilled using the 266  nm  UV beam (Fig.5(a) and 

5(b)), resulting in drilled holes of excellent quality. To create a hole, some 5,000 

pulses of 0.5 mJ each were needed, which corresponds to a total energy input of 

2.5  J,  over about 5 s. The integrated time of irradiation/hole was 0.5 ms. 

PMMA and PC consist of monomer chains. The main forces holding the 

monomer units together are the carbon-carbon bonds along the chains. The 

strength of a  C-C  bond is approximately 3.6 eV [5]. The photon energy of the UV 

beam is 4.662 eV, which enables it to break the covalent  

C  —  C  and  C  —  H  bonds by photochemical dissociation. Therefore, a minimum of 

thermal damage could be observed around the holes, which confirms the change 

in interaction mechanism: So called "cold ablation" will occur. 

3.2  Termoset  polymers  

The thermoset material used for the experiments was an epoxy, which can be 

influenced to a varying extent by infrared, visible and ultraviolet light. High-

intensity infrared radiation can cause thermal degradation and "burning and 

carbonisation" or pyrolysis will always occur. When irradiated with green light, the 

thermal influence is still dominant. Ultraviolet light with a wavelength of 266  nm  is 

capable of breaking the  C  —  C  and  C  —  H  covalent bonds, so the thermal effects 

decrease significantly. 

Two types of reinforced epoxy composites used for the experiments, Glass Fibre 

Reinforced and Carbon Fibre Reinforced, with a thickness of 1,5 mm and 1.1 mm 

respectively. The presence of the reinforcing fibres makes laser processing much 

more complicated. The fibres will conduct heat in the direction of their axes which 

will damage the epoxy matrix. The thermal deterioration is especially pronounced 
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when the target is irradiated with the infrared beam and decreases with 

decreasing wavelength. 

Both fibre reinforced epoxy composites were irradiated using a focused 1064  nm  

beam. The pulse energy was 4.8 mJ and the photon energy was 1.165 eV. 

For the glass fibre reinforced epoxy, the total number of pulses needed to create 

a hole was around 3000, with an energy input of 14.4  J  over 3 s. The integrated 
irradiation time was 0.3 ms. In Fig. 6.a,  b  the entrance and exit sides of glass 

fibre reinforced epoxy composite samples irradiated with the IA beam are shown. 

Burning of the epoxy and thermal damage (breaking) of the glass fibres can be 

observed. 

(a) 	 (b)  
Figure 6. Glass fibre reinforced epoxy composite (1.5 mm thick) irradiated with a focused beam at 
1064  nm,  by 3000 pulses: (a) entrance side;  (b)  exit side. 

 

1  

 

(a) 
	

(b)  
Figure 7. Graphite fibre reinforced epoxy composite (1.1 mm thick) irradiated with a focused 
beam at 1064  nm,  by 1500 pulses: (a) entrance side;  (b)  exit side. 
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In Fig. 7(a) &  (b),  entrance and exit sides of graphite fibre reinforced epoxy 

composite samples irradiated by 1500 pulses are shown. The total energy input 

is 7.2  J,  over a period of 1.5 s. The integrated time of irradiation was 0.15 ms. 

Burning of the epoxy and thermal damage (breaking) of the graphite fibres can 

be observed. 

 

,i14e  

(a) (b)  

Figure 8. Glass fibre reinforced epoxy composite (1.5 mm thick) irradiated with a focused beam at 
532  nm,  by 1000 pulses: (a) entrance side;  (b)  exit side. 

 

ION  

(a) (b)  

Figure 9. Graphite fibre reinforced epoxy composite (1.1 mm thick) irradiated with a focused 
beam at 532  nm,  by 1000 pulses: (a) entrance side;  (b)  exit side. 

When irradiating both of the fibre reinforced composites with focused 532  nm  
beam, 1000 pulses were needed to create a drilled-through hole. 
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The thermal influence was significantly reduced, there was no burning but some 

crack formation in the epoxy matrix could be observed. The epoxy matrix is quite 

crack sensitive when influenced by thermal and mechanical stresses. Fig. 8 and 

Fig. 9 show glass and graphite fibre reinforced epoxy composites, respectively: 

a) entrance side;  b)  exit side. The pulse energy was 2.8 mJ and the total energy 

input 2.8  J  over 1 s. The integrated irradiation time was 0.1 ms. 

(a)  (b)  

Figure 10. Glass fibre reinforced epoxy composite (1.5 mm thick) irradiated with a focused beam 

at 266  nm,  by 10 000 pulses: (a) entrance side;  (b)  exit side. 

(a)  (b)  

Figure 11. Graphite fibre reinforced epoxy composite (1.1 mm thick) irradiated with a focused 

beam at 266  nm,  by 10 000 pulses: (a) entrance side;  (b)  exit side. 
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Results of irradiating both thermoset polymers using 10 000 pulses of a focused 

UV beam at 266  nm  are presented in Fig. 10 and Fig. 11, respectively; a) 

entrance side,  b)  exit side. The pulse energy was 0.5 mJ, the total energy input is 

5  J  over 10 s. The integrated irradiation time was 1 ms. The quality of the drilled 

holes was significantly improved, which confirms that the UV beam can photo 

chemically decompose the epoxy matrix and break both glass and graphite 

fibres. The thermal influence around the drilled holes is minimised. 

4. Conclusions: 

Three different wavelengths, 1064  nm,  532  nm  and 266  nm,  were used to 

investigate the interaction of laser beams with thermoplastic and fibre-reinforced 

thermoset (epoxy) polymers. 

The experiments show clearly that hole drilling in the thermoplastic PMMA and 

PC can only be performed using the UV beam. The photon energy at 1064  nm  

and 532  nm  is too low and can only lead to thermal degradation of thermoplastic 

polymers. The 266  nm  beam has a photon energy of 4.662 eV, which is higher 

than the binding energies of the  C  —  C  and  C  —  H  covalent bonds and therefore 

photo chemical bond breaking will be possible. 

In the case of fibre reinforced epoxy, the thermal degradation of the matrix and 

fibres was severe both at the infrared and green wavelengths. 

The thermal damage effects are more pronounced for the carbon fibre reinforced 

composite than for the glass fibre reinforced epoxy, because the carbon fibres 

conduct heat much better than glass fibres. 

The strong absorption of UV light in the glass and graphite fibres will cause the 

fibre to break. At the same time, the  C  —  C  and  C  —  H  covalent bonds which bind 

the epoxy matrix can be photo chemically dissociated. This will result in quite 

clean drilled holes for both types of fibre reinforced composites sheets. 
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The results achieved indicate that using even higher average UV power at 266  

nm  and higher repetition frequency contour cutting of epoxy and polyester 

polymer sheets reinforced with different fibres would be possible. Higher power 

outputs could be achieved using a longer BBO crystal, increasing the average 

power of the present laser in the UV up to 10 W. This power level should also be 

enough to cut polymer sheets of up to two mm thickness. 
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X,  nm  Pulse 

energy, mJ 

Average 

power, W 

Spot 

diameter, pm 

Irradiance, 

kW/cm2  

Photon 

energy, eV  

IR:  1064 4.8 4.8 60 170 1.1654 

Green: 532 2.8 2.8 40 223 2.331 

UV: 266 0.5 0.5 20 159 4.662 

Table 1. Specification of the average power and pulse energies used in the experiments. 

Material/Thickness 
Number of pulses/Wavelength 

1064  nm  532  nm  266  nm  

PC, 2 mm 10 000 2 000 5 000 

PMMA, 2 mm 10 000 2 000 5 000 

Glass fibre 

reinforced epoxy 

composite, 1.5 mm 

3 000 1 000 10 000 

Graphite fibre 

reinforced epoxy 

composite, 1.1 mm 

1 500 1 000 10 000 

Table 2. The number of pulses used for all the samples. 
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