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Abstract— Pursuit of materials for achieving high 

performance at elevated temperature for application in 

aeronautical and space industry, particularly for turbine 

engines led to development of Thermal Barrier Coated 

(TBC) superalloys. Making hole in TBC superalloy sheet 

by machining has always been a challenge to 

manufacturing engineers. Laser Beam Percussion 

Drilling(LBPD) being a non-contact process with ability to 

drill hole in both conducting and non-conducting materials 

with a high degree of precision and reproducibility has 

been found as suitable machining process for drilling of 

closely spaced cooling holes in TBC superalloys. 

Temperature distribution around the drilled hole during 

LBPD can help in analyzing the quality of hole from 

thermal effect point of view. In this paper a 3-D FEM 

based thermal analysis has been done for pulsed Nd:YAG 

LBPD process during drilling of hole in multi-layer sheet. 

ANSYS (APDL v14.0) has been used for determination of 

temperature distribution around the hole in plasma 

sprayed yattria-stablised zirconia (YSZ) coated superalloy 

for various operating conditions. 

Keywords: Finite element analysis, Laser beam 

percussion drilling, LBPD, Thermal Barrier Coated 

superalloys, TBC. 

I.  INTRODUCTION  

In advanced gas turbine engines working 

temperature can exceed the melting point of 

superalloys used like in combustion chamber and 

turbine blades. To protect these components from 

high temperature, superalloys are coated with 

plasma sprayed thermal barrier coating (TBC). A 

typical TBC consist of plasma sprayed partially 

stabilized zirconia top coat and metallic bond coat 

deposited over superalloy. Current State of the art 

for yttria-stabilized zirconia (YSZ)  used in TBC is  

6-8 wt% Y2O3-ZrO2 with thickness ranging from 

0.25mm to 1mm and oxidation resistant bond coat 

having composition MCrAlY (M-substrate metal) 

with thickness of around 0.125mm. YSZ is a 

ceramic with low thermal conductivity of around 1 

W/mC with high melting point ( ̴2700 0C) [1,2,3]. 

Bond coat is for enhancing the adhesion between 

top coat and underlying superalloy substrate. A drop 

of 200K can be attained just by using 250μm 

ceramic coating[4]. 

Further protection against exposed high 

temperature is provided by drilling closely spaced 

effusion cooling holes. Laser with an ability to drill 

hole in both conducting as well as non conducting 

material has an advantage over EDM for drilling 

holes in TBC superalloys. Laser Beam Percussion 

Drilling (LBPD) is a thermal machining process 

where a hole is drilled by repetitive laser pulses 

striking at a single spot with specified energies and 

pulse duration. LBPD process can produce holes 

with depth-to-diameter ratio up to 100:1 for 

diameter ranging from 0.127 mm to 1.27 mm. Hole 

drilled by LBPD process have certain geometrical 

errors i.e. roundness error, hole taper and 

microstructural defects i.e. recast layer, HAZ [5]. 

Experimental study of LBPD process on TBC 

superalloys has been reported in literature for 

studying the recast layer, heat affected zone, 

delamination of bond coat and taper in hole. 

A. Corcoran et al. [6] reported laser drilling of 

Rene 80 substrate coated with TBC. They studied 

the effect of varying laser process parameters on 

individual microstructures such as remelt layer, 

microcracking and visible delamination during 

LBPD process. They reported that shorter pulse 

width reduces microcracking & delamination, TBC 

density has little effect and high pulse energy 

reduces microcracking. 

K.T. Voisey et al. [7] reported that laser drilling 

creates deeper hole when drilled from metallic side 

rather than from top coat. There is a significant 

difference in shape of hole while drilling from 

metallic side and top coat. 

S. Mishra et al. [5] developed FEM based code 

for predicting the taper, MRR and HAZ for LBPD 

of Ni superalloy Inconel718 using Nd:YAG. They 
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observed that taper and HAZ increase with pulse 

width & peak power and decrease with increase in 

pulse frequency & sheet thickness. Also that MRR 

increases as pulse width, frequency & peak power 

increase. 

J. Girardot et al. [8] conducted experiment and 

did fast camera analysis of laser drilling of TBC 

cobalt-base superalloy with varying beam angle of 

incidence. They estimated surface temperature to be 

more than 5000 K for laser peak power 18kW. They 

observed taper shape in through hole and 

shouldered shape of hole at TBC/substrate interface. 

They concluded that mechanical stresses are only 

responsible for delamination of bond coat and base 

metal as no delamination occurred for laser beam 

incident at an angle of 90 degree. 

Although LBPD process for TBC superalloys 

has been explored experimentally for the various 

defects involved like recast layer, heat affected 

zone(HAZ), taper and delamination but theoretical 

approach has not been explored. The objective of 

present work is to perform three dimensional Finite 

Element (FE) simulation of LBPD on TBC Nickel 

superalloy (Nimonic 80A) by Nd:YAG in ANSYS 

Parametric Design Language (APDL) to determine 

the temperature distribution during first pulse.  

II. THERMAL MODELING OF 

LBPD 

In Actual LBPD process laser beam energy is 
utilized in melting, evaporation, conduction, 
plasma formation and some lost by convection. 
Thermal energy distribution during actual LBPD 
process is shown in Fig. 1. Material is removed 
either by melting & evaporation or both combined. 
As material removal by vaporization takes almost 
four times the energy needed for removal by 
melting, provision is to remove material by melting 
with partial evaporation [9]. To incorporate 
realistic model of energy transfer temperature-
dependent thermal properties, latent heat of fusion 
and evaporation are considered in modeling. 

 

Fig.1. Schematic representation of LBPD process 

[5] 

 
Although attempt has been made to simulate 
realistic model of LBPD; a number of assumptions 
have been made in thermal model due to complex 
nature of the process: 

 Workpiece material is considered 
homogeneous and isotropic in nature even 
though top coat and bond coat have non-
uniform porous structure. 

 On-time of pulsed laser is considered shorter 
than the pulse-off time, and therefore plasma 
generation does not take place in the laser-
drilled hole. 

 Material attaining temperature above melting 
point is assumed to be removed. 

 Evaporated material does not interfere with 
the incoming laser beam. 

 Gaussian spatial distribution of the laser heat 
flux is considered. 

 Multiple reflections of laser irradiation inside 
hole are neglected. 

 Formation of oxide layer at hole surface is 
ignored. 

 Absorption coefficient considered invariable 
with respect to temperature. 

 Perfectly smooth surface contact at interface 
of substrate-bond coat and bond coat-top coat. 

 Smooth boundary is considered between 
layers; diffusion at adhesion surfaces is 
neglected. 
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 Density of workpiece is considered invariable 
with respect to temperature and phase change. 

 Although top coat is a ceramic and heat flux 
should be modeled as volumetric heat source 
absorption depth is neglected. 

A. Governing Equation 

Temperature distribution in workpiece is 
governed by three dimensional transient heat 
conduction equation (i). 

 

in domain ABCDEFGHIJKLMNOP. 

Where, ρ is density (kg/m3), C(T) is temperature 
dependent specific heat (J/kgK), k is the thermal 
conductivity of the workpiece material (W/mK), t is 
the time (s) and T is temperature. 

Domain is 3-D layered workpiece as shown in 
the Fig. 2. ABCDEFGH is superalloy substrate of 
Nimonic 80A, BIJCFKLG is bond coat of NiCrAlY 
and IMNJKOPL is top coat of YSZ. 

B. Initial and boundary Condition 

 
1. Domain ABCDEFGHIJKLMNOP is 

considered to be at ambient room 
temperature T0 initially.  

T0 = 298 K     at t=0   in domain 

2. Input heat flux serves as thermal boundary 
condition on top surface in area of laser pulse 
radius R. In duration of pulse off time 
convection heat transfer is considered on top 
surface. 

 

on top surface A1. 

3. Heat transfer by convection is considered on 

surface areas other than top surface (A1). 

 
Where the nx, ny, nz are unit normal along X, Y, 

Z axis respectively, h is the convection heat transfer 
coefficient, qin is input heat flux. 

 

Fig. 2. Domain for simulation 

Input Heat flux by laser beam on top surface is 

given by equation: 

 

Where As is absorptivity, P is the laser peak 

power, R is laser beam radius (260μm). 

Value of absorptivity and laser peak power can 

be obtained by using equation (v) and (vi) 

respectively. 

  

                                                                           

Effect of latent heat of fusion and evaporation is 

taken into consideration by altering heat capacity 

during transition temperature as given by equations. 

 

Where C* is specific heat of transition, Cs is 

specific heat at solidus, Cl is specific heat of 

liquidus, L is the latent heat of fusion or 

evaporation, and ΔT is transition temperature range. 

III. THERMAL FE SIMULATION OF LBPD 

Simulation is done in ANSYS APDL 14.0 

carried out on workpiece of dimension 2mm X 

2mm X 1.825mm with top coat of thickness 

500μm, bond coat of 125μm and substrate 1.2mm 

thick. Top coat, bond coat and substrate are glued 

to each other through commands in ANSYS APDL 

and different material properties are assigned to 

each layer. Composition and material properties of 

top coat, bond coat and substrate are given in the 

Table1 and Table 2. Domain is discretized using 8-

A1 
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noded brick element SOLID 70 as shown in Fig. 3. 

Heat flux is applied on top surface and other 

surfaces are acted upon by natural convection with 

convection coefficient of 10 W/m2K.  

 

Fig. 3. Discretized workpiece used in the 

simulation of LBPD 

TABLE I. TEMPERATURE DEPENDENT 

MATERIAL PROPERTIES [10,11, 12] 

Material 
Temperature 

(K) 

Thermal 

Conductivity 

(W/mK) 

Specific 

Heat 

(J/KgK) 

YSZ 300 0.91 444.01 

  750 0.63 605.98 

  900 0.59 607.14 

  1473 0.69 668.69 

  2000 0.81 897.16 

  2450 1 1109.7 

  2600 1.07 1180.54 

  2750 1.13 1251.39 

  2900 1.2 1322.23 

  2951 1.22 1346.32 

  3026 2.7 1400 

NiCrAlY 293 4.3 501 

  673 6.4 592 

  1073 10.2 781 

  1473 16.1 764 

Nimonic 

80A 
480 10.4 495.75 

  600 12.4 512.25 

  800 16.2 540.25 

  1000 19.6 602.25 

  1200 22.79 786.75 

 

TABLE II. AVERAGE THERMO-PHYSICAL 

PROPERTIES [11,12,13,14] 

Definition Unit YSZ NiCrAlY 
Nimonic 

80A 

Melting 

Range 
K 

2951-

3026 
1411 

1593-

1638 

Latent Heat 

of Fusion 
KJ/Kg 812 299 - 

Latent Heat 

of 

Evaporation 

KJ/Kg 6000 7330 - 

Vaporization 

Temperature 
K 4573 2944 - 

Density Kg/m3 4500 7320 8152 

Reflectivity   0.955 - - 

Heat flux having Gaussian spatial distribution is 

applied by developing function for Gaussian flux 

which can be applied on selected elements face. 

Parameters of Laser considered for thermal analysis 

of LBPD process are given in Table 3. 

TABLE III. LASER BEAM PARAMETERS 

USED FOR ANALYSIS 

Parameters Value/Range 

Average 

Power 400W 

Pulse width 0.5-1.5 ms 

Pulse 

frequency 30Hz 

IV. RESULTS AND DISCUSSION 

Laser beam energy modelled as Gaussian Heat 
Flux when strikes the workpiece, temperature of 
workpiece in beam vicinity starts to rise, reaches to 
melting point and then boiling point. Although 
material removal takes place by both melting and 
evaporation; material reaching melting point is 
considered to be removed. Consideration of latent 
heat of evaporation is useful for determining the 
approximate temperature attained by workpiece at 
the centre of laser beam. Gaussian heat flux applied 
on the top surface of the workpiece in X-Z plane is 
shown as in Fig. 4(a) & (b). 
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Fig. 4(a). 

 

 
 

Fig. 4(b). 

Fig. 4(a) &4(b) Gaussian heat flux distribution 

 
Temperature distribution and vector plot of 

thermal flux for peak power of 10kW and pulse 
width of 1.5 ms  at pulse frequency (30Hz) for 
above mentioned material properties with given 
initial and boundary conditions is shown in Fig. 5(a) 
and (b) respectively. 

 
 

Fig.5(a). Contour plot of temperature distribution 

for power of 10kW and pulse width of 1.5ms at 

pulse frequency (30Hz). 

 

 
 

Fig. 5(b). Vector plot of thermal flux for power of 

10kW and pulse width of 1.5 ms at pulse frequency 

(30Hz) 

 

Temperature follows same spatial distribution as 

heat flux; highest at centre and decreasing with 

radial distance. Temperature variation along radial 

direction on top surface for different pulse width at 

constant peak power (10kW) and pulse frequency 

(30Hz) is shown in Fig. 6. Temperature along radial 

direction increases with increase in pulse width; this 

is due to increase in interaction time of laser beam 

with workpiece and energy per pulse. From Fig. 6 it 

can be shown that temperature at centre is well 

above evaporation temperature of material, which 
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explains that material removal in LPBD process 

involve both melting as well as evaporation. 

 

Fig. 6.  Surface temperature along radial direction 

on top surface for different pulse width at constant 

peak power (10kW) and pulse frequency (30Hz) 

Temperature variation along radial direction for 
different laser peak powers with pulse width of 1ms 
at pulse frequency 30Hz is shown in Fig. 7. 
Temperature increases with increase in laser peak 
power due to increase in energy per pulse. 
Temperature increase along radial direction is 
relatively high at center then away from Laser beam 
center. 

 

Fig. 7.  Surface temperature along radial direction 
for different laser peak powers with pulse width of 

1ms at pulse frequency 30Hz 

After the strike of first pulse approximate hole 
profile can be shown as in Fig. 8. This is done by 
using EKILL command in ANSYS APDL 14.0. 
This feature allows deactivating the selected 
elements based on defined condition; in this case 
elements above melting point of YSZ i.e. 2951 K. 

 

Fig. 8. Approximate hole profile after first pulse 
strike 

V. CONCLUSIONS 

In present study transient temperature 

distribution is obtained in FEM-based thermal 

model for pulsed Nd:YAG LBPD process 

incorporating temperature dependent thermal 

properties and phase change phenomenon. 

1. With increase in pulse width at constant peak 

power and pulse frequency temperature at 

centre and along radial direction increases due 

to increase in energy per pulse and time 

duration of energy-material interaction. 

2. With increase in peak power at constant pulse 

width and pulse frequency temperature at 

centre and along radial direction increases due 

to increase in energy per pulse.  
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