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 Laser scribing is a promising micromachining technique for the precision production of curves 
like circular arc geometry on hard and brittle materials such as silicon, ceramics and glasses. The 
accuracy and quality of laser scribing depends on the operating parameters and geometries. In this 
paper, the effect of circular arc radius on the groove width and depth obtained on Al2O3 samples was 
studied experimentally, using Diode Pumped Solid State Laser Scriber, and simulated using ANSYS 
software. The experimental and calculated results all proved that the circular arc radius had im-
portant effect on the accuracy and quality of laser scribing due to the exist of heat accumulation ef-
fect and circular arc effect. A decrease of circular arc radius caused an increase of the groove width 
and depth on Al2O3. In addition, the center angle also had important effect on the groove width and 
depth due to heat accumulation effect, and an increase of center angle caused an increase of the 
groove width and depth on Al2O3. 
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1. Introduction 
Ceramic materials especially alumina have been widely 

used in communications [1], automotive [2], power elec-
tronics [3], aerospace [4] and medical fields [5] due to their 
excellent properties such as light weight, high hardness, 
and high wear and corrosion resistance. The high brittle-
ness and hardness of ceramics, on the other hand, makes 
their use in traditional mechanical processing, such as dia-
mond grinding, expensive and inefficient. 

With the development of laser technology, laser preci-
sion machining has attracted much attention due to the ad-
vantages of non-contact, high-speed and low cost [6] of the 
process, as well as the ability to obtain complex shapes 
such as corner angle [7], circular arc [8] and curves [9]. 
Among these technologies, laser scribing of hard and brittle 
ceramic materials such as Al2O3 [10], SiC [11], AlN [12,13], 
and carbon fiber-silicon carbide matrix (C/SiC) composite 
[6] has been widely used in the electronics and machinery 
industries. Trubelja et al. [6] investigated the effects of la-
ser power and specimen translation velocity of laser scrib-
ing on the groove width and depth on C/SiC composites. 
The results were compared to theoretically predicted values 
obtained by solving the quasi steady state heat conduction 
equation in three dimensions for a moving body. Iwai et al. 
[10] investigated the micro scribing of Al2O3 with a diode-
pumped Nd:YLF laser. They found that the focal position, 
wavelength and feed rate of the laser, as well as the number 

of laser scans, had important effects on the groove width 
and depth, and the height of Al2O3 debris. Modest et al. 
[11] investigated the stress distributions during continuous 
wave (CW) and pulsed laser scribing of silicon carbide 
based on an elastic stress model. They found that the stress 
fields for the scribing operations were non-symmetric and 
shifted towards the region in front of the laser. For both 
CW and pulsed scribing, a region of tensile stresses formed 
below material’s surface, near the edge of the groove, to the 
side and behind the laser. Takahashi et al. [12] found that 
when an AlN ceramic was scribed with a CO2 laser, the 
surface resistance was degraded. Tsai et al. [14] developed 
a new laser machining technique for alumina shaping, 
based on the principles of fracture mechanics. The fracture 
machining technique can be applied to shape any geometry, 
such as rectangular and quarter-circular corners; however, 
to obtain the desired contour, the CW Nd:YAG laser must 
be used to scribe and confine the fracture region. 

So far, the investigation of laser ceramics scribing has 
been mainly focused on the optimization of process param-
eters [10,15-19] and theoretical simulations of the proce-
dure [11,13,20]. Few works have reported the effect of ge-
ometry on groove width and depth [21,22]; however, many 
studies have focused on the effect of the laser cutting circu-
lar arc radius on the quality of the cuts achieved on differ-
ent materials, such as metal [23-27], polymer [28,29] and 
ceramics [30,31]. For example, Wang et al. [23] found that 
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with decreasing the radii of outside arc and inside arc, the 
kerf roughnesses are improved; when the radius R≤7 mm, 
the roughnesses of these two arcs are different significantly; 
when the radius R>7 mm, the differences of these rough-
nesses almost disappear. Sharma et al. studied the effects of 
input process parameters (arc radius, oxygen pressure, 
pulse width, pulse frequency and cutting speed) on the out-
put quality characteristics such as kerf width, deviation and 
taper obtained on Ni-based super alloy sheet [24,26] and 
Al-alloy sheet [25]. The results indicated that the optimum 
input parameter levels suggested for cutting curved profiles 
are entirely different from cutting straight profiles except 
kerf width [26]. Li et al. [27] studied the effects of laser 
cutting parameters on the quality such as the kerf width, 
surface roughness of the incision and slag quantity of flow 
curve obtained on 1Cr18Ni9Ti stainless steel. Holle et al. 
[28] found that with the laser power density increased, the 
surface radii and channel floor radius of Polydimthylsilox-
ane (PDMS) decrease. Sheng et al. [29] studied the curved 
path achieved on polymethyl-methacrylate (PMMA) by 
laser cutting. They found that a wider kerf width and the 
asymmetry between inner and outer of the kerf walls ob-
tained compared to kerf of straight-line cutting with the 
curvature radius decreasing. Ji et al. [30] investigated the 
laser close-piercing lapping technique for damage-free cut-
ting in arbitrary path (line, curve and angle) on Al2O3. Bru-
gan et al. [31] developed laser dual-beam machining of 
linear trajectories and semicircular path on structural ce-
ramics. They found that at high speeds and lower power 
levels, the clean fractures cannot be provided for semicir-
cular path, but the controlled fracture can be obtained in 
machining of linear path using the same technology.  

The application of laser scribing to ceramics presents 
more complications compared to steel [8,32,33]. Different 
circular arc radii will cause different degrees of heat accu-
mulation, affecting the groove width and depth, which, in 
turn, affect the geometric accuracy of laser precision scrib-
ing. Research on this topic is therefore important to deter-
mine the applicability of the process. 

In this paper, the effect of circular arc radius on the 
groove width and depth obtained on Al2O3 through laser 
scribing was simulated using ANSYS software and verified 
experimentally with the Diode Pumped Solid State (DPSS) 
Laser Scriber. 

 
2. Experimental 

The circular arc was scribed on Al2O3 ceramics using 
RF-P50S DPSS laser produced by Ruifeng Photoelectric 
Technology Company Limited in Wuhan, China. Scribing 
radii of circular arc are R=1 mm (sample A) and R=3mm 
(sample B), and substrate size of Al2O3 is 6×6×0.46 mm3 
(L×W×H) (Fig. 1). The groove width and depth were  

 

 
Fig. 1 Schematic diagram of laser scribing 

measured with the VHX-1000 three-dimensional super 
depth field microscope produced by Keyence. The laser 
scribing parameters adopted were the following: laser pow-
er of 50 W, pulsed laser frequency of 20 kHz, laser beam 
radius of 0.02 mm, air pressure during blowing of 0.35 
MPa, laser scribing speed of 4 mm/s, laser scanning num-
ber of 1 times. 
 
3. Mathematical model and numerical simulation 

The detailed assumptions were used to build the math-
ematical model can be seen in our previous paper [22]. The 
spatial distribution of the laser beam is in Gaussian at 
TEM00 mode. 

During laser scribing, the laser beam moves on the sur-
face of the Al2O3 sample with velocity V (Fig. 1). The heat 
transfer equation can be expressed as [34]: 
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where ρ is the density, c is the heat capacity, k is the 
thermal conductivity, and T is the temperature of the ce-
ramic sample. Q (x, y, z, t) represents the internal heat gen-
eration rate in the body. In this paper, Q (x, y, z, t) =Q (x, 
y,0, t) =Q0 is the heat source term resembling the laser 
beam [6]. 

As the laser is capable to penetrate the alumina sample, 
its absorption is described as Beer–Lambert bulk absorp-
tion rather than surface absorption [35]. The laser heat 
source, Q0 can be treated as a heat production term and can 
be expressed as [6,34,36]: 
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where P is laser power, r is the laser beam radius, a is 
the absorption coefficient, rf is the surface reflectivity [34], 
and r0 is the Gaussian parameter.  

The initial condition is written as: 
CTzyxT o25)0,,,( 0 ==                                      (3) 

In laser beam moving, the assisted gas flows through a 
coaxial nozzle towards the specimen surface. A convective 
flux is therefore used to define the boundary layer in corre-
spondence of the top surface: 
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where hf [34] is the forced convection heat transfer co-
efficient. With the exception of the plane of symmetry and 
of the bottom surface, the remaining boundary surfaces of 
the specimen exchange heat with the surrounding environ-
ment through natural convection. The corresponding 
boundary condition is expressed as: 
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where h is natural convection heat transfer coefficient. 
The temperature distribution can be calculated by solv-

ing equations (1) – (5). The groove width and depth of laser 
scribing on specimen is identified as the portion of material 
in correspondence of which the temperature is higher than 
the melting temperature (2030°C) of Al2O3. 

The laser beam moves along the surface of the Al2O3 
ceramics plate with trajectories of different circular arc 
radii. A three-dimensional finite element model was devel-
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oped to describe the temperature field of the sample. The 
results of mesh generation of samples are shown in Fig.2. 
To obtain the best compromise between accuracy of the 
result and computation time, the gradient mesh generation 
was used. A mesh having size of 0.01×0.01×0.046 mm3 

was used to describe the region heated by the laser, while 
free meshing was applied to the remaining part of the sam-
ple.  

 

 
 

Fig. 2 Local meshing of sample: A or B 
     

 The temperature field was simulated using the finite 
element software ANSYS APDL command flow. An eight-
node hexahedral unit was selected (SOLID 70), and the 
surface unit (SURF 152) was used to load the forced con-
vection coefficient. In the thermal that followed, the simu-
lation of specimen A required the use of 59652 hexahedral 
elements and 26289 nodes (Fig.3a). For specimen B, 
168766 hexahedral elements and 75577 nodes were used 
(Fig.3b). And the computation times were about 15 and 85 
h for samples A and B, respectively. The parameters used in 
the simulations reported in this paper are given in Table 1 
[35,37–39]. 
 
 

 
 

(a) 
 

 
 

(b) 
Fig. 3 Mesh generation of samples: (a) A and (b) B 

Table 1 The simulated parameters 
Calculating parameters Values 

Density ρ (Kg/m3) 3720 
Specific heat capacity C (J/Kg℃) 880 
Thermal conductivity k (W/m℃) 25 

Melting temperature T (℃) 2030 
Forced convection heat transfer coefficient hf 

(W/m2℃) 
3000 

Natural convection heat transfer coefficient h 
(W/m2℃) 

20 

Reflectivity rf 0.79 
Absorption coefficient a (1/m) 6000 

 
4.  Results and discussion 

Fig.4 shows the whole photographs of the whole Al2O3 
plate after laser scribing. Fig.5 shows the picking up tem-
perature points of different samples at different center an-
gles θ. Fig.6 and Fig.7 are the photographs of width and the 
depth, respectively, of different samples in correspondence 
of the center angle θ=30°, after laser scribing. Both the 
width and depth of sample A are bigger than those of sam-
ple B. Specially, at center angle θ=30°, the measured values 
of groove width are 0.032 mm for sample A and 0.025 mm 
for sample B; the measured values of groove depth are 
0.083 mm for sample A and 0.064 mm for sample B. Fig. 8 
and Fig. 9 show the nephograms of temperature distribu-
tion of samples A and B, respectively, at laser scribing cen-
ter angles θ of 0°, 30°, 60° and 90°.  

 

              
 
(a)                         (b) 

Fig. 4 Photographs of whole Al2O3 plates after laser scrib-
ing for samples: (a) A and (b) B 
 

 
 
Fig. 5 Picking up temperature points of different samples at 
different center angles θ 
 

First, it can be seen that with the increase of laser scrib-
ing length (corresponding to arc length Rθ in here), the 
calculated maximum temperatures of different samples 
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increase (Table 2), which shows that there is thermal ac-
cumulation effect in the process of laser scribing. Second, 
the calculated maximum temperature for sample A is high-
er than that of sample B, which shows that there is circular 
arc effect in the process of laser scribing. 

 

 
                       

                              (a) 

 
                      

 (b) 
Fig. 6 Width photographs of different samples after laser 
scribing at center angle θ=30° for samples (a) A and (b) B 

 

 
                       

  (a) 
 

 
                      

   (b) 
Fig. 7 Depth photographs of different samples after laser 
scribing at center angle θ=30° for samples (a) A and (b) B 

 
                        

(a) θ=0° 

 
                       

(b) θ=30° 

 
                      

(c) θ=60° 

 
                      

 (d) θ=90° 
Fig. 8 Nephograms of temperature distribution for sample 
A at different center angles  
 

 
                      (a) θ=0° 
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 (b) θ=30° 

 
                         

 (c) θ=60° 

 
                           

 (d) θ=90° 
Fig. 9 Nephograms of temperature distribution for sample 
B at different center angles  

 
Table 2 Calculated temperatures at different center angles 
Center angle θ Maximum tem-

perature of sample 
A (℃) 

Maximum tem-
perature of sample 

B (℃) 
0° 2322.43 2259.12 
30° 2355.27 2292.71 
60° 2586.28 2416.66 
90° 4020.28 3800.69 

Fig. 10 and Fig. 11 are the comparisons of the groove  
 

 
 

Fig. 10 Comparison between experimental results and cal-
culated results of groove width for different samples 

 
 

Fig. 11 Comparison between experimental results and cal-
culated results of groove depth for different samples 

 
width and depth for different samples based on the experi- 
mental results and the calculated results, respectively. 

First, we can see that the experimental results are con-
sistent with the trend of the calculated results. With the 
increase of laser scribing center angle θ, the groove width 
and depth for both samples increases. This is mainly due to 
heat accumulation effect (Table 2, Fig.12 and Fig.13). This 
phenomenon has been reported in laser ceramic scribing 
straight path [22]. Specially, the measured values of groove 
width increased from 0.029 mm to 0.05 mm for sample A 
and from 0.026 mm to 0.04mm for sample B; the measured 
values of groove depth increased from 0.087 mm to 0.14 
mm for sample A and from 0.07 mm to 0.084 mm for sam-
ple B. Corresponding to this is that the calculated values of 
groove width increased from 0.033 mm to 0.2 mm for sam-
ple A and from 0.028 mm to 0.16 mm for sample B; the 
calculated values of groove depth increased from 0.054 
mm to 0.3 mm for sample A and from 0.049 mm to 0.23 
mm for sample B. It should be noted that the differences of 
the calculated results and the experimental results increased 
with the increase of laser scribing length (corresponding to 
arc length Rθ in here), which may be related to many fac-
tors such as mathematical model assuming, without consid-
ering the thermos-physical parameters of alumina ceramics 
changing with the variation of temperature, without consid-
ering thermal radiation, without considering convection 
heat transfer coefficient (h and hf ), reflectivity rf and ab-
sorption coefficient α changing with temperature etc.. 
These will be considered in subsequent research. 

Second, we can see that when the circular arc radius 
decreases from 3mm to 1mm, the groove width and depth 
of laser scribing increases. This is mainly due to circular 
arc effect (Table 2, Fig.12 and Fig.13). The size of the ra-
dius has important effect on heat accumulation effect of  

 

 
 

Fig. 12 Calculated maximum temperature of different sam-
ples in different positions after laser scribing 1 times 
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Fig. 13 Calculated temperature change of different samples 
at the fixed center angle θ=30° and Z=0mm after laser 
scribing 1 times 
 
laser scribing. The smaller the radius, the higher the tem-
perature (Table 2, Figs.12 and 13), resulting in the increase 
of groove width and depth of laser scribing (Figs. 10 and 
11). 

Third, for the laser scribing depth and width of different 
samples, both the calculated value and the experimental 
value all start to appear small (corresponding to center an-
gle θ=0°~15°), then slowly increase (corresponding to cen-
ter angle θ=15°~75°), and finally increase sharply (corre-
sponding to center angle θ=75°~90°). This may be related 
to the heat transfer characteristics of laser scribing limited 
size objects. 

In fact, for any laser processing technology, when a 
specific finite size object is heated by a laser, there are 
three stages in the process of laser heating, that is, the onset 
stage of the underheating, the intermediate stage of heat 
balance and the last stage of overheating. For a given radi-
us laser scribing, the thermal heat at the three locations 
named the laser scribing start edge, the laser scribing mid-
dle of the part and the laser scribing end edge will in-
creased subsequently. Specifically, in Fig.12, the calculated 
maximum temperatures are 2322.43℃ for sample A and 
2259.12℃  for sample B at the beginning stage (corre-
sponding to center angle θ=0° and Z=0 mm); the calculated 
maximum temperatures are 2346.94 ℃ ~2719.83 ℃  for 
sample A and 2262.94℃~2606.98℃ for sample B in the 
middle stage (corresponding to center angle θ=15°~75° and 
Z=0 mm); the calculated maximum temperatures of the 
final stage (corresponding to center angle θ=90° and Z=0 
mm) are 4020.28℃ for sample A and 3800.69℃ for sample 
B. The start edge is less heated by laser due to lack of pre-
heating (Heat dissipation is greater than heat accumula-
tion); the laser spot ahead in the middle of the laser scrib-
ing part has been pre-heated by the laser itself during laser 
scribing and there the heat has been balanced (Heat dissipa-
tion is almost equal to the amount of heat accumulation); 
the end edge was over-heated by heat accumulation (Heat 
dissipation is less than heat accumulation) because there is 
no physical conduct to transfer the laser heat away at the 
end edge. So, the laser scribing depth and width are smaller 
at the start edge region (Figs.10 and 11, corresponding to 
center angle θ=0°~15°), almost constant at the laser scrib-
ing middle region (Figs.10 and 11, corresponding to center 
angle θ=15°~75°) and larger at the end edge region 
(Figs.10 and 11, corresponding to center angle θ=75°~90°). 

 

5. Conclusions 
 (1) The circular arc radius has a significant effect on the 
groove width and depth on Al2O3, due to the heat accumu-
lation effect and the circular arc effect. The effect is more 
evident for smaller circular arc. 
(2) The center angle has a significant effect on the groove 
width and depth on Al2O3 due to the heat accumulation 
effect. With the increase of laser scribing center angle, the 
groove width and depth increases. 
 (3) The experimental results are consistent with the trend 
of the calculated results. 
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