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Abstract: It has always been a difficult task for manufacturing engineers to produce 

geometrically accurate holes along with good production rate. Therefore, a 2-D axisymmetric 

Finite Element based thermal model has been developed to predict the hole taper and Material 

removal rate during laser drilling. The effect of pulse width, pulse frequency and peak power 

on hole taper and material removal rate has been investigated during the single pulse laser 

beam drilling of thin aluminium sheet. It is found that the pulse frequency has major impact in 

defining the shape of hole whereas material removal rate is more affected by pulse width 

during single pulse laser beam drilling. The hole taper decreases with the increase of pulse 

width and pulse frequency at constant peak power. 

 

Keywords: Single pulse laser drilling; hole-taper; material removal rate; Finite Element 

Method, Axisymmetric. 

 
 

                         I. INTRODUCTION 

 

Laser finds wide application in material 

processing industry. Out of these, its application 

for machining small diameter holes in difficult to 

machine sheet materials is quite commendable. 

Drilling of small diameters hole using laser 

becomes more challenging when drilling is 

performed in highly reflective materials with high 

thermal conductivity and thermal diffusivity viz. 

aluminium and its alloys. The process of laser 

drilling may be divided into three stages. In the 

first stage, a thin layer of molten material is formed 

by the absorption of laser energy at the target 

surface. Due to repeated action of laser pulse, the 

surface of this melt pool reaches the vaporization 

temperature and sudden expansion of vapour 

evaporating from the surface eject the melt pool by 

the recoil pressure [1]. It is extensively used in 

fabrication of miniature components for 

electronics, aerospace, biomedical and Micro 

Electro Mechanical Systems. A hole produced by 

laser drilling suffers with large number of 

geometrical inaccuracies in terms of hole taper (Ta) 

and roundness error. The Ta reveals the non-

cylindrical nature of hole. The material removal 

rate (MRR) in laser drilling process not only 

indicates the machinability of materials but also 

help us to identify those laser parameters which can 

provide the required power density for laser 

drilling process. Since the material removed during 

laser drilling depends on the amount of laser 

energy entering the workpiece therefore laser 

parameters like pulse width, pulse frequency and 

peak power play a critical role in laser drilling 

process. Simulation of Ta and MRR will help us to 

increase the geometrical accuracies along with 

good production rate which is the prime necessity 

of any manufacturing industry. 

A number of theoretical investigations have 

been carried out to study the evolution of hole 

using LBPD process. Nowak and Prypurniewicz 

[2] introduced 3-D FDM based thermal model for 

the determination of cross-sectional areas of holes 

produced by laser drilling in a partially transparent 

fired Al2O3 ceramic of 0.75 mm thickness using 

solid state pulsed Nd: YAG laser. Ganesh et al. 

developed a 2-D axisymmetric computational 

model incorporating the effect of vaporization and 

melt ejection to determine the crater geometry and 

material removal in single pulse laser drilling [3]. 

Yue et al. developed 2-D axisymmetric FEM based 

thermal model for the determination of shape of 

drilled hole and thickness of recast layer in 3 mm 

thick steel sheet during Ultrasonic-Assisted Laser 

Beam Drilling (UA-LBD) [4]. Cheng et al. 

proposed a 3-D FDM based thermal model to 
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predict the depth and diameter of hole in thin 

sheets of metals [5]. Ho and Lu employed 1-D 

analytical thermal model for the determination of 

erosion depth per pulse in silicon nitride (Si3N4) 

and alumina (Al2O3) ceramic plate [6]. Ng et al. 

developed a 1-D analytical model to determine the 

effect of oxygen (as assist gas) and variation of 

recoil pressure during laser drilling of low carbon 

steel using fibre optic delivered Nd: YAG laser [7]. 

Zhang and Faghri developed a 1-D analytical 

thermal model to predict the geometric shape of 

laser drilled hole in Hastelloy-X incorporating the 

simultaneous transfer of heat in the melt and solid 

[8]. Salonitis et al. developed a 3-D analytical 

thermal model for the determination of minimum 

power required to drill a hole of specified depth in 

10 mm thick structural steel (St.37) rods using CO2 

laser [9]. Samant et al. proposed a 3-D 

computational thermal model to determine the 

depth of laser drilled hole and number of pulses 

needed to drill hole of required depth in 2mm and 

3mm thick silicon carbide plate [2].  

In this study, a 2-D axisymmetric FEM based 

computational thermal model incorporating the 

temperature dependent thermal properties and 

phase change phenomena has been developed for 

the determination of transient temperature 

distribution during single pulse laser drilling 

process. The profile of the hole generated during 

laser drilling is predicted from the melt-isotherms. 

The parametric study was conducted to analyze the 

effect of pulse width, pulse frequency and peak 

power on Ta and MRR.  

                II. SIMULATION METHOD 

Simulation helps us to understand the 

relationship between the input and output variables 

with the help of a mathematical model. The 

complicated geometry, complex thermal loading 

and boundary conditions during LBD make FEM 

an appropriate choice for solving the present 

problem. In the subsequent section the governing 

equation, boundary conditions and initial condition 

have been explained. 

A. Thermal modeling and FEM formulation 

Due to complex nature of LBPD process a 

number of assumptions are made in deriving the 

thermal model. 

1. The zone of influence of laser beam in 

workpiece is axisymmetric. 

2. The workpiece material is homogeneous and     

homogeneous in nature. 

3. On-time of pulsed laser is much shorter than the 

pulse-off time; therefore plasma generation does 

not take place during laser drilling. 

4. The evaporated material is transparent and does 

not interfere with the incoming laser beam. 

5. The metal vapour is optically thin so that its 

absorption of the high-energy beam is negligible. 

6. Gaussian spatial distribution of laser heat flux is  

Governing equation for determining the 

transient temperature distribution within the 

axisymmetric workpiece domain (ABCD) can be 

expressed as (Incropera et al., 2007).  

                                                                                                 

 

where, T is the transient temperature at (r, z, t) , t is 

time,  Tk  is temperature dependent thermal 

conductivity,  T
 

is the temperature dependent 

density,  TC  is temperature dependent specific 

heat of the workpiece material in solid state, r and z 

are coordinates axes as shown in Fig 1. 

 

 
                    Figure 1 Thermal model  

At the start of the LBPD process the initial 

temperature of the entire domain is equal to the 

ambient room temperature (T0) i.e. T(r, z, 0) =T0 in 

the workpiece domain ABCD at t=0.
  

The energy 

transferred to the workpiece as heat input serves as 

the thermal boundary condition on the top surface 

B1.The boundaries B2   and B3 are considered at 

such a large distance that no heat transfer takes 

place across them. The boundary B4 is an axis of 

symmetry therefore the net heat loss or gain is 

absolutely zero on this surface. Therefore the 

boundary conditions are: 
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where, τ is the pulse width, tp is the total pulse 

duration (i.e. on and off time ), 
in

q  is the amount of 

heat flux entering the workpiece, R is the laser 

beam radius, h is the heat transfer coefficient, 
0

T is 

the ambient room temperature and  direction  n  is 

outward normal to the boundary surface. 

 B. Heat input 

Heat flux at a distance r from center of the 

laser beam on the surface of the workpiece is given 

by the following expression [10]. 
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where   As 
 
the absorptivity, PP  is the laser peak  

power and R is the laser beam radius. In our 

simulation, a beam diameter of 500 µm as given by 

the laser beam system with 50 mm focal length 

lens is used. The value of As and PP   are obtained 

by the Equation (4) and (5) respectively. 
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where η is the refractive index and  is extinction 

coefficient of material. For aluminium, the values 

of η and   are 1.75 and 8.50 respectively [11]. 
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 C. Phase change consideration  

The finite element simulation of phase change 

problem has been done by the capacitance method 

where the effect of   latent heat is accounted for by  

 

 

altering the heat 

capacity of the material during phase change [12]. 
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0

C  is the normal constant specific heat, 

v
H ,

m
H  are the latent heats of boiling and 

fusion, respectively and 
v

T ,
m

T  are the 

temperature bands over which the transition occurs.  

Equations (1) to (4) has been converted from 

differential equation form to algebraic equation 

using FEM and FDM combination. The following 

expressions are obtained for elemental stiffness 

matrix  eK , capacitance matrix  eC , and right side 

vector  e
f  when Galerkin method is applied to 

above equations. 
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 eB  is the matrix relating  temperature derivatives 

with its nodal values,
h

B  is the convective 

boundary, 
q

B is boundary of the input heat 

flux,  b
N  is the shape function vector for the 

boundary element,  e
N is the nodal shape function 

vector of area element  and eD  is domain of a 

typical area element. The integrals in the elemental 

equations are evaluated using Gauss quadrature 

rule for the numerical integration. Assembly of 

elemental equations is carried out using assembly 

rule and the resulting assembled equations are 
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where, nem is the number of  area elements in the 

mesh, nbm is the number of line boundary elements 

in the mesh,
 
 GC is the global heat capacitance 

matrix,  GK is the global stiffness matrix, ][GF  is 

the global right side force vector,  T is the global 

nodal temperature and 






 

T is the time derivative 

of  T .  

III. DETERMINATION OF TEMPERATURE            

DISTRIBUTION 

For the determination of temperature 

distribution, the workpiece domain of size 1500µm 

x 700µm is discretized into eight noded quadratic 

serendipity elements. The nodal coordinates and 

connectivity matrix of the elements were obtained 

using ANSYS 10.The simulation showed that when 

the number of elements in the mesh exceeds 720 

elements the nodal temperature remains 

unchanged. Hence, the mesh consisting of 720 

elements having element dimension of 0.0625 mm 

x 0.0625 mm with 2413 nodes has been finally 

selected for analysis. The initial temperature of the 

workpiece is taken as 298K. 

A. Estimation of Hole taper and Material removal 

rate  

When a laser pulse strikes the workpiece, the 

temperature begins to rise and at the end of the 

pulse the volume of material having temperature 

more than the melting temperature (933K) of 

aluminum is removed from the workpiece to create 

a blind hole. The melt-isotherm is obtained from 

the result of temperature distribution. In order to 

find the melt-isotherm, the melt, unmelt and 

partially melt elements were identified in the 

workpiece domain. Due to the removal of material 

the domain correspondingly changes for each 

consecutive strike of laser pulse with the 

workpiece, therefore re-meshing of the remaining 

domain(using ANSYS) and corresponding 

prediction of new melt-isotherm were repetitively 

performed until a through hole was obtained. After 

the formation of a through hole the diameter at the 

entry (dentry) and exit side (dexit) can be finally 

obtained from the final melt-isotherm and the Ta is 

calculated using Equation 11. 
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where  th is the material thickness.   

To determine the material removed by each 

laser pulse, the region bounded by the melt-

isotherm is divided into circular strips using the 

total number of coordinate points lying on the 

actual melt-isotherm. The MRR (mm3/sec) can be 

predicted from the developed model using Eq. (14). 
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where MRRth  is the MRR predicted by the 

theoretical model, Vt  (mm3) is the predicted total 

volume of material  removed, tp (ms) is the total 

pulse duration and n is the number of pulses used 

to make through hole. 

            IV. RESULTS AND DISCUSSION 

A. Hole taper 

The determination of Ta   is important to 

evaluate the degree of cylindricality of a drilled 

hole with values close to zero correspond to a 

better quality.  
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 Fig.2 Variation of Ta  with respect to pulse width 

Fig. 2 illustrates the behavior of Ta with respect 

to pulse width at constant peak power and pulse 

frequency. It is found that Ta decreases with the 

increase of pulse width. During LBPD temperature 

gradient is produced in workpiece due to reduction 

of laser intensity along its radius as well as depth. 

When variable thermal property with phase change 

)(14
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is considered the temperature rapidly falls in the 

liquid region due to increase in specific heat. 

Moreover, the diffusion of heat energy from the 

molten metal to the surrounding area also decreases 

due to reduction in thermal conductivity with the 

rise of temperature. Therefore, high value of Ta is 

obtained due to large difference between the 

entrance and exit diameter of laser drilled hole.  

Fig.3 shows that Ta  decreases with the increase 

of pulse frequency (at constant peak power and 

pulse width). 
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Fig.3 Variation of Ta with respect to pulse      

frequency 

At low pulse frequency the pulse off time is 

high and the temperature get reduce due to 

convection phenomenon. The small melt area 

creates a hole of small diameter at the entrance. As 

the heat dissipation in the workpiece is very quick 

due to high thermal conductivity of aluminum, the 

difference between the diameters at the entrance 

and exit is large thereby producing a hole of high 

taper.  
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Fig.4 Variation of Ta with respect to peak power 

Fig. 4 demonstrates the effect of peak power on 

Ta by varying the pulse frequency at constant average 

power and pulse width. The increase of peak power 

increases the radial diffusion of heat as well as the 

amount of material that can be removed per pulse. In 

order to increase the peak power of laser at constant 

pulse width its pulse frequency is to be decreased. 

This produces a series of laser pulses with the interval 

between them considerably longer than the cooling 

time of the material and thus large recast layer is 

produced which decreases the diameter of hole at the 

entrance and thus decreasing the Ta . Peak power is 

the most dominant factor affecting the Ta followed by 

pulse frequency and pulse width. 

B. Material removal rate 
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Fig.5 Variation of MRR with respect to pulse width 

Fig. 5 shows the variation of MRR at 

various pulse widths. With the increase of pulse 

width, the duration of laser interaction with 

workpiece increases and thus more heat energy is 

transferred to the workpiece to increase the 

temperature within the workpiece. The rise of 

thermal diffusivity with temperature may also be 

the reason for increase in MRR. 
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Fig.6 Variation of MRR with respect to pulse 

frequency 

Fig.6 shows the effect of pulse frequency (f) 

on MRR for 0.7 mm thick aluminium sheet at 

constant pulse width of 1ms and peak power of 

10kW. Due to constant peak power the amount of 

heat flux entering the workpiece remains same and 

with the increase of pulse frequency the cooling 

time between the successive laser pulses decreases 

due to which the amount of heat energy entering 

the workpiece per unit time also increases to 

increase the MRR.  From the graph it can be seen 

that the effect of pulse width is more prominent 

than pulse frequency in enhancing the MRR. 
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Fig.7 Variation of MRR with respect to peak power 

Fig.7 illustrates the effect of peak on MRR. 

When peak power is increased at constant pulse 

width and pulse frequency the amount of heat flux 

entering the workpiece also increases and 

subsequently the melt depth also increases. Due to 

increase of peak power the MRR increases very 

rapidly. Even though the increase of peak power 

infuses more hat flux into the workpiece to produce 

more molten material but with the change of phase 

the temperature reduction take place and the high 

specific heat of the aluminium do not allow the 

proportional rise in temperature thereby reducing 

the MRR at very high peak power. The peak power 

is the most dominant laser parameter to effects the 

MRR. 

V. CONCLUSIONS 

In the present study, Ta   and MRR have been 

computed using the transient temperature 

distribution obtained by incorporating the effect of 

temperature dependent thermal properties and 

phase change in FEM based thermal model of 

pulsed Nd: YAG LBPD. Ta decreases with the 

increase of pulse width, pulse frequency and peak 

power. Peak power is the most dominant laser 

parameter in reducing the Ta followed by pulse 

frequency and pulse width.MRR increases with the 

increase of pulse width, pulse frequency and peak 

power. The peak power is most influential laser 

parameter in increasing the MRR followed by 

pulse width and pulse frequency. 

 

REFERENCES 

1. Verhoeven, J.C.J., Jansen, J.K.M., Mattheij, 

R.M.M. and Smith, W.R., “Modelling laser 

induced melting”, Mathematical and Computer 

Modelling, 37(3-4), 419-437, 2003. 

2. Nowak, T. and Prypurniewicz, R.J., 

“Theoretical and experimental investigation of 

laser drilling in a partially transparent 

medium”, Journal of Electronic Packaging, 

114(1), 71-80, 1992. 

3. Ganesh, R.K., Bowley, W.W., Bellantone, 

R.R. and Hahn, Y., “A model for laser hole 

drilling in metals”, Journal of Computational 

Physics, 125(1), 161-176, 1996. 

4. Yue, T.M., Chan, T.W., Man, H.C. and Lau, 

W.S., “Analysis of ultrasonic- aided laser 

drilling using finite element method”, Annals 

of the CIRP, 45(1),169-172 ,1996. 
5. Cheng, C.F., Tsui, Y.C. and Clyne, T.W., 

“Application of a 3-D heat flow model to treat 

laser drilling of carbon fibre composites”, 

Acta Materialia, 46(12), 4273-4285, 1998. 

6. Ho. C.Y. and Lu, J.K., “A closed form solution 

for laser drilling of silicon nitride and alumina 

ceramics”, Journal of Materials Processing 

Technology, 140(1-3), 260-263, 2003. 



   

ELK Asia Pacific Journals – Special Issue 

ISBN: 978-81-930411-4-7 

7. Ng, G.K.L., Crouse, P.L. and Li, L.,“An 

analytical model for laser drilling 

incorporating effects of exothermic reaction, 

pulse width and hole geometry”, International 

Journal of Heat and Mass Transfer, 49(7-8), 

1358-1374, 2006. 

8. Zhang, Y. and Faghri, A., “Vaporization, 

melting and heat conduction in the laser 

drilling process”, International Journal of Heat 

and Mass Transfer, 42(10), 1775-1790, 1999. 

9. Salonitis, K., Stournaras, A., Tsoukantas, G., 

Stavropoulos, P. and Chryssolouris, G., “A 

theoretical and experimental investigation on 

limitations of pulsed laser drilling”, Journal of 

Materials Processing Technology, 183(1): 96-

103, 2007. 

10. Han, L., Liou, F.W. and Musti, S., “Thermal 

behavior and geometry model of melt pool in 

laser material process”, Journal of Heat 

Transfer, 127 (9), 1005-1014, 2005. 

11. Steen, W.M., “Laser Material Processing”, 

Springer, 2005.  

12. Runnels, S.R. and Carey, G.F., “Finite element 

simulation of phase change using capacitance 

methods”, Numerical Heat Transfer, Part B: 

Fundamentals, 19 (1), 13-30, 1991. 


