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PREFACE 	 i  

In the beginning of 1980 Dr. Harald Herbertsson started to investigate the possibility of using 
lasers for machining ceramic materials. Since 1983 I have been involved in this project. The 
present work is part of a bigger work concerning methods for machining ceramics with lasers. 

Special thanks to my supervisor Dr  Ture  Lindbäck  for his support and to Dr Harald Herbertsson, 
who was my research partner before he left for NSW in Australia and with whom I have had many 
discussions about laser drilling of ceramic materials. I would also like to thank professor Bengt  
Loberg,  professor  Claes  Magnusson and professor Lennart Carlsson for their valuable help and 
support and to all colleagues who have supported me during this work.  

Luleå,  May 1991 

Ralph Harrysson 



ABSTRACT 	 ii 

Lasers have been used as an industrial tool since the early 1970's, especially for processing 
metals. Laser cutting of ceramic materials is a less well applied technology due to problems 
resulting from the high temperature gradients which develop around the laser beam. This high 
temperature gradient causes stresses in the material which can cause the formation of cracks. 

The mechanisms of crack formation are complex due to material and process variables, notably: 

1) The size and distribution of structural faults in the material. 

2) The constantly changing stress level resulting from the termal conditions encounted prior 
to, during and following processing. 

The degree of heating of the material is very much dependent on how the laser parameters are 
choosen. For laser drilling the most important parameters are; power density and pulse time. This 
work shows how the energy consumption (specific energy) for drilling a hole in different thick 
ceramic plates varies with power density and pulse time. The specific energy will have a minimum 
value for certain combinations of power density and pulse time, depending on the ceramic material 
and the thickness of the plate. 

Using laser parameters where the specific energy is lowest is probably the best choice to decrease 
or prevent the crack formation. This presumption is the subject for ongoing research work. 

This thesis is based on three conference papers. 
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PAPER I 
MACHINING OF HIGH PERFORMANCE CERAMICS AND 

THERMAL ETCHING OF GLASS BY LASERS 



Proc.  4th  Int.  Conf. Lasers in Manufacturing, 211-220 
May 1987,  c()_  IFS (Conferences) Ltd and authors. ISBN 0-948507-53-5 

Machining of high performance ceramics and thermal etching of glass 
by laser  

R  Harrysson and  H  Herbertsson  
Luleå  University of Technology, Sweden 

ABSTRACT 

Mechanical machining of high performance ceramics is expensive and 
time consuming. Efforts have been made to cut silicon nitride based 
ceramics with CO2- and Nd-YAG-lasers. The results are promising and 
materials up to seven mm in thickness have been cut successfully by 
use of a  JK-2000 Nd-YAG-laser. 

Mechanical and chemical etching of glass create environmental prob-
lems. These can be avoided by using a CO2  -laser for thermal etching. 
The method can be used industrially by accurate control of the laser 
parameters and by use of CAD-technique. 
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1. INTRODUCTION 

Traditional ceramic products are often easy to produce to  ns  (net 
shape) through different techniques because of the low requirements on 
dimensions of the final product. These products therefore rarely need 
secondary machining. 

High performance ceramics, on the other hand, need secondary machining 
because of high requirements on the dimensions of the final product. 
This machining is difficult and expensive to perform due to the hard 
and brittle structure of these ceramics. Extensive efforts are in 
progress to reduce secondary machining by finding new methods for 
production in order to get products with  ns  or nns (near net shape). 
However, secondary machining will be needed within the fore-seeable 
future. 

Ceramic material can be removed mechanically, thermally or chemically. 
Mechan'ical machining is the method so far used for different applica-
tions. The tools consist of SiC, A1203  or diamonds with an organic or 
metallic matrix. A great number of reports have been published about 
different problems involved in mechanical machining of ceramics. 

The conclusion is that mechanical machining of considerable extent 
should be avoided for industrial production. The high performance 
ceramics are furthermore chemically inert even at high temperatures, 
which implies that also chemical machining has to be excluded. 

According to existing techniques, laser machining seems to have the 
most promising prospect for secondary machining of ceramics. 

High performance ceramics such as Si3N4, SiC, BN, BC, A1203, Zr02, 
and sialons are produced from fine grain powder materials through 
sintering. The sintering is usually performed via a liquid phase 
created by the influence of a sintering aid. The methods used for the 
production depend on the starting materials and the application of the 
product. 

Thus, products of high performance ceramics can be desribed as micro 
crystalline composites where the crystalline grains are joined 
together via a secondary glassy phase. 

It is consequently of a vital importance to study the behaviour of 
glassy material in a laser beam not only for products of pure glass 
but also because of its presence in high performance ceramics. 

2. THERMAL REMOVING OF MATERIALS BY LASER  

The ideal conditions for drilling with a laser would be that the total 
energy is absorbed immediately at the surface and that the developed 
thermal energy disappears together with the evaporated material, see 
figure 1 left. Thus, in order to drill a material, using the laser 
techinque, the required specific energy must reach the minimum level 
E0 (no energy loss, se figure 2) where all the material exposed by the 
laser beam is evaporated. 
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In practice however, a lot of factors can complicate or completely 
make it impossible to drill a material with an acceptable result, see 
figure 1 right. The following list gives the most important factors. 

#1. The reflectance of the specimen is too high which means that the 
absorbed energy is too low in order to evaporate the material 
(e.g. drilling of Cu with a CO2 -laser). 

#2. New products with the same properties as mentioned, #1, could be 
produced during the drilling operation. 

#3. The transmittance is too high which means that sufficient energy 
is not absorbed by the material (e.g. drilling  af  glass by use of 
a Nd-YAG-laser). 

#4. The material has a low melting point and a high thermal 
diffusivity which means that a drilled hole will be filled by 
melted material. (e.g. Al) 

#5. New products are produced with the same properties, #4. (e.g. 
Si3 N4 -specimen) 

#6. The material has a high melting point and a high thermal diffusi-
vity which means that most of the introduced beam energy is lost 
by diffusion and appears as thermal energy in the material. 
(e.g. W) 

#7. The initiation of high thermal stresses which cause cracks in the 
specimen. (e.g. ceramics) 

These conditions are summarized in figure 2 which schematically shows 
the connection between the specific energy and the power of the laser 
beam in order to drill a hole in a material. 

The difference EL-E0 corresponds to the loss of energy caused by 
reflection, transmittance and heat radiation. These phenomena have the 
same speed as light. 

The difference  E-EL  corresponds to the loss of energy caused by heat 
transport in the bulk together with scattering and absorbtion by eva-
porated material. These phenomena are time dependent. 

Preliminary results are in good agreement with this theory which 
implies that it should be possible to produce reliable  EP-diagrams  for 
different kinds of high performance ceramics and glassware in the 
future. 

2.1. Ceramics 

In machining of silicon nitride products especially #5 and #7 have 
caused difficulties. As seen in figure 3 the thermal stresses can be 
reduced by using a Nd-YAG-laser instead of a CO2-laser. The effect of 
#5 is also obvious from the lighter section of the left hole partly 
filled by pure silicon produced during the drilling. In figure 4, 
cross sections of hole produced by both types of lasers are presented. 

Repeated laser drilling in combination with a mobile workpiece makes 
it possible to cut a material and thus offers a prospect for indust-
rial applications. Figure 5 shows Nd-YAG-laser machined cutting tools 
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of HIP-produced sialons. The thickness of the specimen is 5 mm and 
after polishing the tools have been used in turning cast iron under 
extreme conditions which implies that the tools are free from cracks. 

2.2. Glassware 

In machining of glassware especially #3 and #7 are noticable during 
the drilling operation. If a CO2 -laser is used, #3 is not relevant and 
the laser can be used for both drilling and thermal etching of glass. 
In thermal etching #7 can be turned to an advantage due to the visual 
appearence of light refraction in the micro crack system in an area of 
shallow holes, see figure 6. 

3. CRACK FORMATION 

The severe temperature gradients which occur during laser treatment of 
ceramics give rise to large compressive and tensile stresses in a very 
limited volume of material [1, 2]. Ceramics are mainly sensitive to 
tensile stresses. These can cause the formation of six different types 
of micro cracks as shown in figure 7. 

The mechanism of the crack formation is not yet established due to 
experimental limitations. Investigations are in progress in order to 
fully explain the crack mechanism. The TR-cracks are the most critical 
type of cracks because they easily give rise to the formation of macro 
cracks. The figures 3 and 4 show typical TR-cracks appearing in 
silicon nitride specimen. 

4. DISCUSSION 

Ceramic products, including glassware, have properties which make them 
difficult to machine mechanically. Several investigations have been 
performed for the purpose of finding new approaches for secondary 
machining. In this work the use of laser technique with pulsed beam 
has been studied. 

4.1. Ceramics 

In order to cut a ceramic material the main condition is to produce a 
hole, free from cracks, through the material. The results show unambi-
gously that the CO2 -laser can be used for cutting, but the crack for-
mation is difficult to control in this case. With the Nd-YAG-laser, on 
the other hand, crack formation can be minimized or even avoided due 
to the very small volume of material exposed for heating. 

4.2. Glassware 

The purpose of the investigation has been to imitate the effect of 
chemical etching or engraving by diamond tools. This effect can be 
achieved by using a CO2 -laser with very short pulses combined with 
simultaneous movement of the object. With this techinque it is possi-
ble to produce an area covered with a number of tiny shallow cavities. 
Each cavity can be designed by control of the laser parameters. 
Figure 8 shows an example of a cavity containing a system of micro 
cracks which applied gives an attractive appearance of the product. 
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Energy for evaporation, see figure 1.1eft  
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Figure 1. Distribution of energy for the ideal (left) and the 
realistic (right) case of drilling a hole by laser. 
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Figure 2.  EP-diagram  for laser drilling. 
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Figure 3. TR-cracks in laser drilled holes in HIP-produced silicon 
nitride. 

CO2-laser 
	 Nd-YAG-laser 

Figure 4. Laser drilled holes in HIP-produced silicon nitride. 
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10 mm 

Figure 5. Laser cut HIP-produced sialon tools. 

20 mm  

Figure 6. Thermal etched surfaces of glass. The lower picture showing 
the micro crack system in one cavity. 
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Figure 7. Schematic picture of different types of cracks in ceramics. 
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Figure 8. Thermal etched product of glass. 
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Proceedings of the International Conference on Hot lsostatic Pressing/Luleå/15-17 June 1987 

LASER MACHINING OF HIP PRODUCED CERAMICS  

R.  HARRYSSON  
H.  HERBERTSSON  
Luleå  University of Technology  
Luleå,  Sweden 

HIP-produced high performance ceramics often need secondary machining. The 

investigation is concentrated on laser drilling of HIP-Si
3
N
4 

and sialon using. 

the single pulse technique. 

Experimental data give linear graphs for the specific energy contra the pulse 
time and the power density contra the inverse pulse time. The relationships are 

used for the construction of  EP-diagrams,  e.g. the relationship between specific 

energy and power density of the laser beam. From the  EP-diagram  can be found 

both the energy consumption divided into different sources and different areas 

of machinability due to the power density. 

INTRODUCTION 

Traditional ceramic products are 
often easy to produce to net shape by 
various techniques because fine 
dimensional accuracy is not required 
for final products. These products 
therefore rarely need secondary 
machining. High performance ceramics, 
especially HIP-produced, often need 
secondary machining because close 
tolerances on final products have to be 
met. 

Ceramic material can be removed 
mechanically, thermally or chemically. 
Mechanical machining is the method so 
far used for different applications but 
due to several reasons extensive 
mechanical machining should be avoided 
for industrial production of high 
performance ceramics. High performance 
ceramics are furthermore chemically 
inert even at high temperatures, which 
implies that also chemical machining 
has to be excluded. 

According to existing techniques, 
laser machining seems to have the most 
promising prospect for secondary machi-
ning of ceramics. This investigation is 
concentrated on HIP-produced silicon 
nitride materials with different  

amounts of glassy phase, but the 
investigation should due to its 
fundamental character, be of great 
importance to studies on other similar 
high performance ceramics. 

2. ENERGY CONSUMPTION FOR DRILLING 

The ideal condition for drilling 
with a laser would be that the total 
energy is absorbed immediately at the 
surface and that the developed thermal 
energy disappears together with evapo-
rated material, see figure 1 left. 
Thus, in order to drill a material, 

using the laser technique, the specific 
energy must reach at least the minimum 
level  E  /V where all the material expo-
sed to he laser beam is evaporated. 

In practice however, several factors 
will affect the drilling and sometimes 
even make it impossible to drill a hole 
in a material. The, following list gives 
the most important factors. 

#1. The reflectance of the base 
material or those produced during 
drilling is too high, which means 
that the absorbed energy is 
insufficient to evaporate the 
material (e.g. Si  N  -> SiO ). 

34 	 2 
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• 'absorbtion  
extern 
heat-
radiation 

intern heat-
radiation 

thermal transport 

back reflection 

transmutted beam 

Figure 1. Energy distribution for theoretical and realistic 

hole drilling by laser. 

The material or new products have a 

low melting point and a high ther-

mal diffusivity which means that a 

drilled hole will be filled by 

melted material (e.g. Si  N  -> Si). 
34 

#3 The formation of plasma inside and 

above the hole. This plasma 

absorbes radiation energy and  

transmittes  the energy to a larger 

volume around the hole. 

#4. The initiation of high thermal 

stresses which cause cracks in the 

specimen. 

In this work  E  is defined as the 

energy that is required to drill a hole 

through a material of defined thickness 

with a single laser pulse. 

The difference Eh-Eo corresponds to 

the loss of energy caused by reflec-

tion, transmission and heat radiation. 

These phenomena have the same speed as 

light. 

The difference  E-Eh corresponds to the 

loss of energy caused by heat transport 

in the bulk material together with 

scattering and absorption by evaporated 

material. The formation of, and the 

absorption of energy in a plasma  

contribute significantly to energy 

losses. These phenomena are time 

dependent. 

3. THE RELATIONSHIP BETWEEN SPECIFIC 
ENERGY, POWER DENSITY AND PULSE 
TIME. 

In order to establish this relation- 

ship, two kinds of materials, HIP-Si  N  
3 4 

and HIP-sialon have been used. 

Specimens of defined thicknesses were 

used to determine the exact pulse time 

needed to drill a hole at different 

power densities. The laser used in all 

measurements is of the type Rofin-Sinar 

RS 1500. 

If the specific energy is plotted 

versus the pulse time a linear graph is 

obtained, see figure 2. 

The graph can be mathematically 

expressed as  

E 	 Eh 
= k E h 	At 	7— 

where  h  corresponds to the thickness of 

the material. 

The relationship is illustrated in 

figure 3 where also the different 

energy areas are shown. 
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Figure 2. The specific energy as a function of the pulse time. 
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Figure 3. Schematic diagram of the specific energy consumed during 
laser drilling. 
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If the power density is plotted 
versus the pulse number, 1/At, another 
linear graph is obtained, see figure 4. 

This relation can be described by  

P 	 1 	Ph = 	
T +  

k 	 (2) A-  Ph A 

The results are effectively summa-
rized in figure 5 which illustrates the 
dividing of the input energy into three 
main effects. 

Equations 1 and 2 can be combined in 
order to get the relationship between 
the specific energy and the power 
density.  

E 	Eh _ kEh • kPh 
7 — 	P h 

- 

This equation is schematically shown in 
figure 6.  

From the  EP-diagram  it is obvious 
that the loss of energy decreases with 
increasing power densities. 

4. CONCLUSIONS 

The equations presented in this 
paper have also been tested on soda 
lime silicate glass with good results. 

The established relationship between 
the laser parameters are thus most 
probably valid for all materials of a 

ceramic nature. The parameters depend 
on the type of material and the type of 
laser. 

Most ceramics are sensitive to 
thermal stresses and from this point of 
view the specific energy should be 
minimized in order to avoid crack 
formation. 

(3) 
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Figure 6. Schematic  EP-diagram.  
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Proc.  5th  Int.  Conf. Lasers in Manufacturing, 25-34 
September 1988,0 IFS Ltd and authors. ISBN 1-85423-021-2 

Energy distribution during laser machining of glass  
R  Harrysson and  H  Herbertsson  

Luleå  University of Technology, Sweden 

ABSTRACT 

Hole drilling of glass has been performed by use of a pulsed CO2  laser of type  Rofim  
Sinai. RS 1500 in order to determine the best conditions for laser drilling. Relations have 
been established between the specific energy, the power density and the pulse time 
needed for drilling holes through glass plates of defined thicknesses. From the 
relationships it has been possible to decide the correct laser parameters for an optimized 
hole drilling with minimized crack formation. 
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1. INTRODUCTION 

Machining of glass is usually performed by chemical or mechanical processes. These 
methods have several drawbacks from the environmental point of view; toxic chemicals 
or a high noise level combined with stress on the workers body. The purpose of this 
investigation has been to study the possibility of using the laser technique for machining 
of glass. Two basic problems are studied in this work: 1) How should the laser energy be 
used in the best way?, 2) Is it possible to avoid or minimize crack formation? 

2. THE INTERACTION LASER-GLASS 

The ideal conditions for removing of material with a laser would be that the power 
density, P/A, is uniformly distributed across the entire section of the laser beam and that 
the total energy is absorbed immediately in a thin surface layer and that the developed 
thermal energy disappears together with the evaporated material, see Fig. 1 left. Thus, in 
order to drill a hole in a material, using the laser technique, the specific energy must 
reach at least the minimum level, E )/V, where all the material exposed by the laser beam 
is evaporated. In practice however, several factors will affect the drilling and give rise to 
loss of energy or, cause other problems during the drilling operation. 

The distribution of the power density of the laser beam is most strongly dependent on the  
TEM-mode and the optical system of the laser. Besides the laser dependent parameters, a 
large range of other wavelength and material dependent parameters will influence the 
laser drilling. 

In this work, Er  is defmed as the total energy required, in order to drill a hole through a 
glassy material of defmed thickness  (H)  with a single laser pulse. The energy losses that 
occur during a drilling operation are marked in Fig. 1 right. The difference EH  - E0  
corresponds to the loss of energy caused by reflection, transmission and heat radiation, 
and by absorption and scattering in eveporated material.These phenomena have the same 
speed as light and are strongly dependent on the wavelength of the laser beam in 
combination with the drilled material. For example a Nd-YAG laser beam, A = 1.06 gm, 
is transmitted straight through a glassy material without noticeable effect of absorption. 

The difference ET  - EH  corresponds to the loss of energy caused by: 1) heat transport in 
the bulk, 2) kinetic energy consumed for expansion and acceleration of the evaporated 
material, together with 3) scattering and absorption in evaporated particles. These 
phenomena are time dependent. The formation of, and 4) the absorption in a plasma also 
contribute significantly. The formation of plasma occurs inside and above the hole. The 
plasma absorpes radiation energy and  transmittes  the energy to a larger volume around 
the hole. Scattering and absorption due to the production of fume particles and some 
plasma phenomena are only time dependent initially, i.e. during the formation of these 
clouds. After the initial stage these phenomena become time independent. 

The heat transport that occurs during the drilling, creates large temperature gradients in 
the material. These gradients cause stress in smaller or larger volumes around the drilled 
hole; the magnitude dependent on the choise of laser, material and drilling parameters. 
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The stress level can easily exceed cic  with crack formation as a consequence. The cracks 
can be of both micro and macro character. 

3. EXPERIMENTAL 

The glass used for the experiments has been soda lime glass with the composition: 72 
wt% Si02, 14 wt% Na20, 10 wt% CaO, 3 wt% MgO, 1 wt% A1203.The investigation is 
based on glass sheets of different thicknesses: 0.90,1.55, and 2.90 mm. All work has been 
performed on a pulsed industrial CO2  laser (Ä=10.6 p.m) of type Rofm  Sinar  RS 1500, 
with a maximum effect of 1500 W. Typical power density distributions for non focused 
laser pulses at different powers are shown in Fig. 2. From the figure it is obvious that 
the power density varies across the section, and there is also a variation between 
different pulses with the same power. The lense, with a focal distance of 63.5 mm (2.5 
inches), gave a focal point with diameter 0.30 mm, which was focused at the upper side 
of the glass plate. Air was used as protective gas, with a gas flow of 20 I/min through a 
nozzle, with a diameter of 1.5 min, located 1 mm above the glass surface. 

In order to minimize the fluctuations of the laser, careful preparations were made before 
each measurement by stabilization in continuous mode with the chosen power. It was 
found that the power was decreasing for the first ten minutes after switching to pulsed 
mode, and therefore no measurements were made during this time. Before and after each 
data collection the energy at a specific power were measured for 20 pulses by use of a 
volume absorbing calorimeter of type Scientech 38-0201 connected to a Scientech model 
365 data collecting device. The mean value for each specific power was used for 
calibration of the power. 

To determine the values of Er, experimental data of the energy have been collected in the 
same way for all thicknesses of the glass plates. For a specific power density an 
approximate value of the pulse time was determined by shooting several pulses at 
different pulse times. Around this value seven to eight specific pulse times were chosen 
within the range of 15 %, and 20 pulses were shot at each pulse time. The required pulse 
time was calculated by linear regression, and defmed as the value when 10 of the 20 
pulses were drilling through the material. The distance between each hole was 3 min and 
the time between each pulse was 10 s. 

4. RESULTS 

Table I lists the results obtained from the measurements. The power densities,  PT/A,  are 
calculated from calibrated powers and with use of the focal point diameter 0.30 mm. The 
specific energies, ET/V, are determined by we of the power, the pulse time, and the 
volume of a cut cone with diameters 0.30 and 0.10 min with the height  H,  equal to the 
thickness of the glass. 

In Fig. 3 the power density, for the 1.55 mm thick glass plate, is plotted versus the pulse 
number, 1/At, where At is the pulse time. The graph can be divided into four different 
sections, where each section, in good agreement with the experimental data, can be con-
sidered as linear graphs. The different sections are designed Materia(M), Drilling(D), 



A 
V 

(5) 

Gaseous(G), and Plasma  (P)  due to the cause of the energy loss. The graph for any of 
these sections can accordingly be mathematically expressed by 

PTk 1 	PL 
= 	• 	+ — A 	At A  

where the index L = M,  D, G,  or  P.  
The constants kL  and PL/A are listed in table II together with the results determined for 
the 0.90 and 2.90 mm thick glass plates. The graphs for all thicknesses are shown in Fig. 
4, from which it is obvious that the formation of plasma dominates for power densities 
> 5000 Wmm-2. 
Using the relation 

E = P • At 	 (2) 

transformed to  

E P 	A 
= -

A
-- • At • 

\7 
 

and combination of equations (1) and (3) results in 

ET -  k  • A  PL 
A  A 

V 	L  V +  A •—• V 

The constants can now be used for plotting the specific energy, E1/V, versus the pulse 
time. The resulting diagram is consequently built up by linear sections, depending on the 
source of energy loss, see Fig. 5. 

By elimination of At from equations (1) and (3) the relationship between the power 
density and the specific energy can be expressed as 

E T  

V 

PL 
k L  " -

A
-- 

PT PL _ 
A A 

This relationship is described by the  EP-diagram  in Fig. 6. 

By plotting kL  and PL/A versus  H  and apply polynomes of simple degrees on the data, it 
has been possible to determine the dependence of the thickness for the different 
constants. These are listed in Table III. Fig. 7 shows the theoretical graphs calculated by 
use of the listed constants. 

( 1 ) 

(3)  

(4)  
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The different regions are characterized by: 

Drilling  (D).  The loss of energy is time independent, caused by  reflexion,  transmission, 
heat radiation, and absorption and scattering in the evaporated material. The time 
independence is obvious from the fact that the extrapolated graphs from this region pass 
via the origin, i.e. PD=0. This fact will reduce eq. 4 to 

ET k  A 

V - D  V 

which is a time independent expression for the specific energy. The  D  region has the 
lowest energy loss of all regions and defmes a basic zero energy level for the other 
regions. 

Material (M). In this area, the energy loss due to heat transformation in the material is 
added to the basic level. The loss of energy decreases with decreasing pulse time and is 
neglectable at very short pulse times. This limit is reached when the speed of removing 
material is equal or greater than the speed of heat transformation in the material. 

Gaseous  (G).  In this region is added the loss of energy caused by heating of fume 
particles. This kinetic energy,  Ek,  is directly proportional to v2, where v is the speed of 
the developed gas, according to  

Ek =  —1  mV
2  

2 

where m is the mass of the gas. Since v is directly proportional to 1/At,  Ek  is directly 
proportional to 1/At2. 

Plasma  (P).  In this region is added the loss of energy caused by plasma phenomena. The 
energy is consumed by partly exciting of the evaporated material to plasma (ionized gas) 
and absorption in this plasma. The cloud of plasma moves from its origin and transfer in 
this way energy to the surroundings; the air and the glass plate. The plasma region 
covers the gaseous region completely for the 2.90 mm thick material and partly for the 
two others. 

The limits for the different regions are given in Fig. 6. Figure 8 shows the relationship 
between the specific energy, ED/V, and the thickness,  H,  when At=0. The relationship can 
be mathematically expressed by  

ED  
	 = 635+ 1.44 • H25  
V 

(6) 

where ED/V —> 6.38 when  H  —> 0. This value corresponds to the energy needed for 
heating and evaporation of the material together with the loss of energy caused mainly 
by  reflexion.  

(6)  

(7)  



5. CRACK FORMATION 

During laser drilling, in the initial state when the beam is turned on, a thin layer in the 
hole will reach a very high temperature. From this layer, the heat will spread partly in 
the same direction as the laser beam and partly perpendicular to the laser beam. In this 
way a large temperature gradient is created in a small volume around the hole. Due to 
the thermal expansion, the surface material tends to expand which give rise to 
compressive stress at the surface in the hole. Inside this layer tensile stress will appear as 
a consequence. 

When the laser beam is turned off, the cooling process will follow the same pattern, 
from the surface into the material. The process is reinforced by the cooling effect of the 
protective gas. The stress system that appears during the cooling process will thus be the 
reverse to the heating process. Cracks will propagate in both cases if the stress level >oc. 

The crack development and the crack length depend on the temperature gradient 
developed during the machining. The gradient can be minimized by using short pulse 
times and low pulse energies, according to the region  D  in the diagrams. 

6. CONCLUSIONS  

It is obvious from the results that laser drilling of ceramic materials such as glass has a 
very limited operational region due to their brittle character. The laser optics have to be 
adjusted in a very proper way because drilling of ceramics is much more sensitive than 
for instance drilling of metals. 

The performed work has established fundamental relationships between the specific 
energy, the power density and the needed pulse time for drilling holes in glassy 
materials. The relationship between power density and pulse time, shown in Fig. 9, can 
be considered as a valuable tool for the operator of a laser equipment. 

By using these relationships the crack formation can be substantially minimized and in 
some cases totally avoided. The same type of relationships can be determined for other 
kinds of ceramic materials which in the future will lead to a new method of secondary 
machining of ceramics. 
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Table I. Data from laser drilling of glass. 

Thickness 
mm 

Laser power 
W 

Pulse time 
s5-1  

Pulse number Power density 
Wmm 

Specific energy 
Jmm -3  

0.90 44 0.00468 214 622 6.73 
59 0.00384 260 839 7.44 
68 0.00350 286 955 7.72 
81 0.00280 357 1146 7.41 
90 0.00248 403 1272 7.29 
94 0.00240 417 1337 7.41 

108 0.00215 465 1528 7.59 
120 0.00209 478 1704 8.23 
122 0.00200 500 1719 7.94 
135 0.00195 513 1909 8.60 
162 0.00170 588 2291 9.00 
181 0.00155 645 2562 9.17 
227 0.00133 752 3211 9.87 
274 0.00119 840 3876 10.66 
324 0.00104 966 4586 10.97 
397 0.00095 1053 5620 12.33 
502 0.00086 1163 7105 14.12 
606 0.00082 1227 8576 16.15 
714 0.00078 1279 10100 18.24 
835 0.00076 1323 11810 20.63 

1.55 51 0.01560 64 726 15.18 
55 0.01380 72 784 14.51 
64 0.00950 105 898 11.45 
65 0.00885 113 921 10.93 
78 0.00710 141 1106 10.54 
91 0.00625 160 1290 10.82 
95 0.00595 168 1338 10.68 

104 0.00540 185 1474 10.68 
117 0.00485 206 1658 10.79 
124 0.00457 219 1748 10.72 
130 0.00450 222 1843 11.13 
156 0.00400 250 2211 11.86 
182 0.00355 282 2580 12.29 
185 0.00350 286 2622 12.31 
208 0.00320 312 2948 12.65 
239 0.00285 351 3383 12.94 
294 0.00240 417 4165 13.41 
344 0 00214 467 4871 13.99 
398 0.00207 483 5625 15.62 
506 0.00196 511 7154 18.81 
613 0.00186 539 8665 21.62 
738 0 00175 571 10440 24.51 
858 0.00166 602 12140 27.04 
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2.90 129 0.03460 29 1830 45.30 
147 0.02460 41 2080 36.60 
181 0.01700 59 2560 31.20 
217 0.01250 80 3060 27.40 
235 0.01170 86 3330 27.90 
243 0.01100 91 3440 27.10 
270 0.00990 101 3820 27.10 
286 0.00918 109 4050 26.60 
324 0.00820 122 4580 26.90 
342 0.00790 127 4840 27.40 
382 0.00750 133 5400 29.00 
416 0.00725 138 5880 30.50 
420 0.00720 139 5940 30.60 
442 0.00700 143 6250 31.30 
475 0.00700 143 6720 33.70 
500 0.00687 145 7050 34.90 
535 0.00665 150 7560 36.00 
584 0.00673 149 8250 39.80 
594 0.00640 156 8400 38.50 
605 0.00666 150 8560 40.80 
692 0.00627 159 9790 44.00 
725 0.00631 158 10260 46.40 
813 0.00619 162 11500 51.00 
858 0.00593 169 12130 51.60 

Table  H.  Constants for laser drilling of glass.  

H Pm/A km  Pp/A 	kp PG/A kG  Pp/A kp  

0.90 250 1.50 -41.9 3.32 -1248 6.02 -18530 22.5 
1.55 429 4.62 7.09 7.96 -849 12.1 -20830 54.8 
2.90 1112 24.4 148 36.5 -300 60 -22160 202 

Table  IH.  Constants for different regions of energy loss 

Material km  = 0.91 + 0.96. H3  PM /A= 157+ 113H2  

Drilling  kp  = 2.52 + 1.39. H3  Pp/A = -134 + 96.  H  

Gaseous kG  = 3.98 + 2.29. H3  PG/A = -2425 + 1250. I-105  

Plasma  kp=  9.33 + 16.6.1-123  Pp/A = -23840 + 4755H 1  
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Fig. I. Distribution of energy for the ideal (left) and the realistic (right) case 
of drilling a hole by use of a laser. 
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Fig. 2. Power density distributions for a laser 
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Fig. 3. Power density versus the pulse 
number for the 1.55 mm material. 
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