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In the laser scribing of a glass sheet, a crack propagates across the glass surface as the surface is 
locally cooled down immediately following CO2 laser beam irradiation. In this process, the crack 
depth and scribable conditions are influenced by various parameters such as the laser power, the 
scribing velocity, and the distance between the heating area and the cooling area. Therefore it is im-
portant to examine the laser scribing phenomenon by analyses of these parameters. We analyzed the 
crack propagation phenomenon by a finite element method, using a two-dimensional model with a 
pre-crack. The crack depth was obtained by calculating the stress intensity factor. The obtained con-
clusions are as follows: The maximum velocity of the scribing for each laser power can be estimated 
by applying a static threshold of the stress intensity factor, SthK  in the two-dimensional crack 
propagation analysis. The depth of the crack caused by the laser scribing can be estimated by apply-
ing a dynamic threshold of the stress intensity factor, . As a result, the suitable scribing condi-
tions for the practical use can be found. 
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1. Introduction 
In recent years, flat panel displays, laptop computers, 

and cell phones have been spreading fast, and the demands 
of liquid crystal displays (LCD) and plasma display panels 
(PDP) used in these products are growing. In the manufac-
turing of LCDs or PDPs, the glass cutting process is indis-
pensable component.  

Currently, glass is mainly cut by inducing a bending 
stress after scribing the glass with a cutter wheel. In this 
mechanical process, particles are inevitably generated [1], 
and further, microcracks generated on the glass surface 
decrease the strength of the glass. Especially for portable 
products, a high bending strength is demanded and there-
fore, fewer microcracks should be generated. 

In 1993, the laser scribing process was developed [2] in 
which a crack grows as glass is cooled down immediately 
after laser beam irradiation.  Fig. 1 shows the laser scribing 
mechanism [3]. When the glass surface is cooled down by 
the water jet, a tensile stress is generated under the surface. 
This time the inside still has a high temperature caused by 
the laser beam irradiation and a compressive stress is gen-
erated. This compressive stress increases the tensile stress, 
and the crack grows. It is reported that fewer particles are 

generated and that the bending strength of the broken glass 
is increased by this process [4].  

Due to these advantages, the laser scribing process is 
suitable for cutting of glass substrates, therefore, the proc-
essing mechanism has been examined by analytical and 
experimental studies [3, 5]. However neither an analysis 
based on fracture mechanics nor research into crack depth 
estimation has been carried out. Accordingly in this re-
search, we aim to estimate the crack depth achieved in the 
laser scribing of a glass sheet and to obtain the most suit-
able condition for laser scribing. We conducted two-
dimensional thermal elastic analyses based on fracture me-
chanics. In the analyses, we use a model with a pre-crack, 
and the crack propagation phenomenon is considered by 
the stress intensity factor. 

2.   Laser scribing experiment 
2.1   Measurement of crack depth 

We conduct a laser scribing experiment for soda lime 

Fig. 2  Schematic of experimental setup 
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v      Scribing velocity
P     Laser power 
2xh  Minor axis of heating area 
2yh  Major axis of heating area 
d    Cooling point distance 
2xc  Minor axis of cooling area 
2yc  Major axis of cooling area 

40 mm/s ~ 400 mm/s 
30.4 W ~ 80.5 W
2.1 mm 
22.0 mm 

3.0 mm 

8 mm ~ 26 mm 
2.0 mm 

Table. 1  Experimental conditions 
glass having dimensions of 230 mm 360 mm, and a 
thickness of 700 µm, in order to measure the depth of the 
crack caused by the laser scribing. Fig. 2 shows the sche-
matic of the experimental set up. After the glass is fixed on 
the stage by vacuum absorption, an initial crack is formed 
by a cutter wheel at the starting point of the scribing. The 
laser beam is shaped into an ellipsoid by two lenses and is 
then irradiated onto the glass surface. At the same time, an 
area behind the laser beam along the extended line of the 
major axis of the heating area is cooled down by the water 
jet. The distance between the center of the heating area and 
the center of the cooling area is called cooling point dis-
tance, and is written as d  afterward. The laser beam and 
the water jet are scanned at a constant velocity, 

×

v  by mov-
ing the stage in the direction from the laser beam to the 
water jet. Table 1 shows the experimental conditions. 
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After the scribing, the glass is broken along the scribed 
line. Depth of the crack caused by the laser scribing is 
measured by observing the cutting plane. Fig. 3 shows the 
measured crack depth, c  for the conditions of the cooling 
point distance, d  10 mm, the laser power, 

D
P and the scrib-

ing velocity, v  variable. For each value of P , when v  is 
decreased, thermal damage is caused on the glass surface. 
These conditions are not useful due to a decrease of 
strength. When v  is increased, the crack propagation stops 
along the direction of scribing. These conditions, where 
thermal damage occurs or crack propagation is halted are 
judged unscribable. In this research, conditions producing 
crack propagation with no thermal damage are called the 
scribable conditions. Fig. 3 shows  under the scribable 
conditions. 

cD

 

Fig. 4  Picture of cutting plane when crack propagation is 
stopped 

200 µm 

Scribing direction

Crack 

 
2.2   Time variation of crack propagation 

In order to investigate how the crack grows in laser 
scribing, the crack development is stopped along the direc-
tion of scribing by interruption of the water jet impinge-
ment. After that, the glass is broken along the scribed line, 
and the shape of the crack end in the cutting plane is ob-
served. Fig. 4 shows one example of the light microscope 
images. In the laser scribing, a crack is considered to de-
velop in the scribing direction with a knife shape as shown 
in Fig. 4. 

 

Fig. 5  Mesh geometry for thermal analysis
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3.   Analysis method 
Found from Fig. 4, in the laser scribing, the crack 

propagates in the thickness direction as it develops in the 
scribing direction. Therefore three-dimensional analyses 
can examine the crack propagation phenomenon closer to 
the real one. However three-dimensional analyses take too 
much time. Giving priority consideration to the practicality, 
we conducted two-dimensional analyses in this research. 

 
3.1   Thermal analysis 

The direction of the minor axis of the heating area is 
defined to be the x-direction, the scribing direction to be 
the y-direction, and the thickness direction to be the           
z-direction. We conducted two-dimensional thermal analy-
ses for one zx −  cross section by a finite element method. 
Fig. 5 shows the mesh geometry for thermal analyses. Be-
cause of the symmetry of the laser scribing phenomenon, a 
half model is used. In the analysis plane, the area near the 
symmetric line is divided smaller due to the violent varia-

tion of the temperature. The smallest element is a square 
one μm5μm5 × in dimensions. The number of nodes is 
18716, and the number of elements is 18324. 

Figure 6 shows the heating area and the cooling area in 
thermal analyses. The heating by the laser beam is modeled 
by applying the elliptic Gaussian heat flux, q  on the upper 
side of the model and by moving q  in the y-direction at a 
velocity of v . The values of  and h  shown in table 1 
are used as the  radii of  respectively in the 

hx y
2/1 e q x  and 

 directions, and  is defined by equation (1). 0  is y q P80.
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Fig. 6  Heating area and cooling area in thermal analysis
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The cooling by the water jet is modeled by applying the 
elliptic Gaussian heat transfer coefficient, α  in the area d  
apart from the center of the heating area. α  also moves in 
the y-direction at a velocity of v . The values of  and  
shown in table 1 are used for the  radii of the cooling 
area respectively in the 

cx cy
2/1 e

x  and  directions, and y α  is de-
fined by equation (2). The heat transfer coefficient at the 
collision point max  was calculated [6] from the flow rate 
of the water jet. In this experiment, the flow rate of the 
water jet was 0.8 ml/min, and then,  was calculated to 
be  W/m

α

maxα
5100.1 × 2 K [7]. 

Table. 2  Physical properties of soda lime glass

Density 
Specific heat 
Thermal conductivity 
Thermal expansion coefficient 
Young’s modulus 
Poisson’s ratio 

2520 kg/m3

800 J/kg K 
1.03 W/m K 
8.7×10-6 K-1

71.6 GPa 
0.23 
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The time step is the needed time for the laser beam or 
the water jet to proceed 125 μm. All boundaries of the 
analysis model are defined to be insulated. Initial tempera-
ture is set to be . The physical properties shown in 
table 2 [8-10] are applied, and time variation of tempera-
ture distribution is analyzed.  
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Fig. 7  Mesh geometry for thermal stress analysis 
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3.2   Thermal stress analysis 

Based on results of the thermal analyses, we conduct 
thermal stress analyses as a plane strain problem. Shown in 
Fig. 7, in thermal stress analyses, a pre-crack at a depth of 

p  is set on the upper side of the model, and isoparametric 
elements [11, 12] are placed around the crack tip. Their 
intermediate nodes are not on the middle of their sides, and 
they can reflect the singular stress field around the crack tip 
in results. On the symmetric line ( ), the nodes on the 
crack part are bound to have the positive x-displacement, 

x , and the others not to have xu . The crack’s opening is 
modeled by this nodal binding. And on mm, the 
nodal displacement in all directions are bound to be 0. The 
number of nodes is 60296, and the number of elements is 
19752. 

d

0=x

u
30=x

 
3.2.1   Thermal stress analysis in which crack depth is 
constant (static analysis) 

By the above model, time variation of the stress inten-
sity factor,  is obtained with the crack depth constant. 

I  is calculated by equation (3) [13], using the nodal x-
displacement,  on the crack part. G  is the modulus of 
transverse elasticity, 

IK
K

xu
ν  is the Poisson’s ratio, and r  is the 

distance from the crack tip. 

( ) r
GuK x

r

π
ν

2
12

lim
0

I
−

=
→

                                                (3) 

In this research, this thermal stress analysis in which 
the crack depth is constant is called a static analysis. 

 
 
 
3.2.2    Crack propagation analysis  

In order to obtain the crack depth in the laser scribing 
by an analysis, we conduct another thermal stress analysis 

in which the crack propagates. This analysis also starts with 
a pre-crack at a depth of p , and the stress intensity factor, 

I  is calculated at every time step. Applying thresholds of 
the stress intensity factor, the crack propagates  in the 
thickness direction every time  exceeds the threshold. 

d
K

dΔ
I

As mentioned above, in laser scribing, the crack propa-
gates in the thickness direction as it develops in the scrib-
ing direction. Therefore in this two-dimensional analysis, a 
different threshold is applied respectively for the first 
propagation in the analysis plane and the other propagation. 
One threshold for the first propagation is called a static 
threshold and written as . The other is called a dynamic 
threshold and written as Dth . In other words, crack propa-
gates  for the first time when IK  exceeds Sth . Then 
the threshold is changed, and the crack propagates  by 

 every time  exceeds . 

K

SthK
K

dΔ K
dΔ

dΔ I Dth

When the crack propagates, the model is remeshed, and 
the isoparametric elements are placed around the new crack 
tip deeper by . And the bounding conditions are reset as 
the following. On 

K K

dΔ
0=x ,  for nodes on the crack part, 

and 0x  for the other nodes. Besides, the crack is al-
lowed to propagate several times at one time step, because 

I  is calculated again under the same temperature distribu-
tion after the crack propagates. 

0≥xu
=u

K
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The crack depth during the analysis is written as c
~
d . c

~
d  

at the end of the analysis is defined to be the analyzed 
crack depth in the laser scribing, c

~D . If  doesn’t exceed 

Sth , c

IK

K ~D  is defined to be 0. In this research, this analysis is 
called a crack propagation analysis whose flowchart is 
shown in Fig. 8. Here  is set to be 5 µm. dΔ

 
4. Analysis results and consideration 

4.1   Results of thermal analysis 
Figure 9 shows one example of results of the thermal 

analysis in the conditions of W, 7.58=P 200=v mm/s, 
and 10=d mm. Immediately before the cooling area gets 
to the analysis plane, the surface temperature reaches the 
maximum value, maxT . After that the glass surface is cooled 
down when the cooling area passes across the analysis 
plane, and the heated area exists inside the model.  

Fig. 8  Flowchart of crack propagation analysis 
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When the laser power, P  is constant,  is increased 
with the decrease of the scribing velocity, v . In six mini-
mum velocity conditions with no thermal damage in each 

maxT

P  of Fig. 3, the mean value of  is . It is re-
ported that thermal damage is generated on the surface of 
soda lime glass when T  exceeds about [3]. 
Therefore also in this analysis, the upper limit of  with 
no thermal damage is about . Also, the scribable 
minimum velocity can be estimated by . 

maxT C496 °

max C500 °

maxT
C500 °

maxT
 
4.2 Results and consideration of thermal stress analyses 
4.2.1   Determination of pre-crack depth 

We conduct static analyses, applying a variety of      
pre-crack depths, . Fig. 10 shows an example of the 
variations in the stress intensity factor,  when the cool-
ing area crosses the analysis plane in the conditions of 

pd
IK

7.58=P W, 200=v mm/s, and mm. The horizontal 
axis means the location of the center of the cooling area for 
the analysis plane. 

10=d

0<y  means that the center of the cool-
ing area is behind the analysis plane, and  means it is 
in front of the analysis plane.  is rapidly increased as the 

cooling area approaches the analysis plane, and there exists 
the maximum value which is written as . It is found 
that  depends on the pre-crack depth, .  

0>y
IK

maxK
maxK pd

Fig. 9  Result of thermal analysis in conditions of P=58.7 W, v=200 mm/s, d=10 mm 
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Because the crack development stops at the maximum 
velocity of the scribing,  must be constant in six con-
ditions at the maximum velocity in each laser power, 

maxK
P  of 

Fig. 3. And the value of  must be equal to the thresh-
old of crack development. Then  is obtained in these 
six conditions, applying a variety of . Fig. 11 shows the 
results. If µm, there exists large variability in  
as  is increased. On the other hand if µm, then 
less variability exists, and the standard deviation of  is 
the minimum when  is 10 µm. For these reasons  is 
determined to be 10 µm. 

maxK
maxK

pd
20p ≥d maxK

pd 15p ≤d
maxK

pd pd

 
4.2.2   Determination of static threshold 

The crack development in the laser scribing phenome-
non is equal to the start of the crack propagation in the 
crack propagation analysis. Therefore the static threshold, 

 is equal to the mentioned threshold of the crack de-
velopment. Then  should be determined from the range 
of  of Fig. 11 in the condition of  10 µm. By apply-
ing the maximum value of the  range for , estima-
tion of too wide range of the scribable velocity is prone to 
be avoided. From these reasons, the static threshold,  is 
determined to be 0.50 MPa m

SthK
SthK

maxK pd
maxK SthK

SthK
1/2. 

 
4.2.3   Determination of dynamic threshold 

In order to determine the dynamic threshold, , the 
analyzed crack depth, 

DthK
c

~D  is obtained by the crack propaga-
tion analysis, applying a variety of . Fig. 12 shows the 
results in three scribing conditions. The measured crack 
depth  in each condition is shown by a broken line. In 
each condition, 

DthK

cD
c

~D  is decreased with the increase of . 
So 

DthK
c

~D  approaches  by applying suitable . However 
 does not exist which minimizes the errors of the crack 

depth in all conditions.  

cD DthK
DthK

Then  is obtained which makes the relative errors 
of 

DthK
c

~D  for  comparatively small in all conditions by the 
following method. First eighteen scribable conditions are 
selected three by three from each laser power, 

cD

P  of Fig. 3. 
c

~D  is obtained in these eighteen conditions, applying a 
variety of , and errors are calculated by equation (4). DthK

100
~

c

cc

×
−

=
D

DD
ε                                                      (4) 

Figure 13 shows the mean value of eighteen errors, ε . 
The standard deviation of ε  is shown by the error bars. ε  
is minimized when  is 0.37 . And the dy-
namic threshold,  is determined to be 0.37 MPa m

DthK 1/2mMPa
DthK 1/2. 

 
4.2.4   Availability of two thresholds of stress intensity 
factor 

Figure 14 shows the analyzed and measured crack 
depth, c

~D  and  in the conditions of mm and 
W, 52.8 W, 71.0 W. 

cD 10=d
5.39=P c

~D  accords well with  in 
almost all conditions by setting  to 0.37 MPa m

cD
DthK 1/2. And 

the analyzed maximum velocity of the scribing also ac-
cords well with the experimental results by setting  to 
0.50 MPa m

SthK
1/2 which is the threshold of the crack devel-

opment.  

Figure 15 shows c
~D  and c  in the scribable conditions 

with 
D

P  and v  constant and the cooling point distance, d  
variable. c

~D  is obtained in the conditions of SthK  0.50  
MPa m1/2 and K  0.37 MPa mDth

1/2. The analyzed crack 
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depth accords well with the experimental results even when 
d  is varied. From these results, it is found that DthK  deter-
mined by using the conditions of d  10 mm can be used 
even when  is not  10 mm. d

In Fig. 15, the analyzed maximum value of the scrib-
able cooling point distance accords comparatively well 
with the experimental results. In the experiment, when the 
cooling point distance, d  is increased with P  and v  con-
stant, the condition shifts to unscribable due to interruption 
of crack development. From these results, SthK  determined 
by using conditions of d  10 mm can be used even when  
is not 10 mm as a threshold of the crack development.  

d

From the above, the maximum scribing velocity can be 
estimated by the static threshold, SthK  and the crack depth 
can be by the dynamic threshold, DthK . As mentioned 
above, the scribable minimum velocity can be estimated by 
the maximum temperature of the glass surface, maxT . There-
fore the range of the scribable velocity can be estimated by 
this research for a variety of laser power, P . As a result, in 
the practical use, the stable scribing quality can be obtained 
by selecting the velocity around the middle of the scribable 
range. And because the crack depth can be estimated in 
each condition, the suitable conditions can be further nar-
rowed down. 

 
5.   Conclusions 

In this research, we aim to estimate the crack depth in 
the laser scribing of a glass sheet and to obtain the most 
suitable scribable condition easily. And we conduct       
two-dimensional thermal elastic analyses based on fracture 
mechanics. In the analyses, the crack propagation phe-
nomenon is considered, applying the static and dynamic 

thresholds of the stress intensity factor,  and . The 
obtained conclusions are as follows: 
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1. The scribable maximum velocity can be estimated by 
the static threshold, . And the scrabable minimum 
velocity can be estimated by the maximum tempera-
ture, . 

SthK

maxT
2. The crack depth in the laser scribing can be esti-

mated by the dynamic threshold, . DthK
3. In the practical use, the stable scribing quality can be 

obtained by selecting the velocity around the middle 
of the analyzed scribable velocity range. 

4. Because the crack depth can be estimated in each 
condition, the suitable conditions can be further nar-
rowed down. 
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Fig. 15  Comparison of measured and analyzed crack 
depth when cooling point distance is varied 
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