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Abstract : 

The paper investigates the characteristics of the laser beam percussion micro-drilling (LBPMD) 

process in aerospace nickel-based superalloy Hastelloy X using microsecond pulses. The quality of 

the drilled hole is crucial in laser beam micromachining and selecting appropriate process parameters 

significantly impacts the hole's quality. The objective is to achieve predefined hole dimensions with 

minimal taper angles. Additionally, the study focuses on the alteration of pulse width, which is a 

combination of laser pulse frequency and duty cycle. Laser power (P), duty cycle % (D), focal plane 

position (FPP), and laser frequency (F) are considered as input parameters, while geometric features 

such as inlet and outlet diameter, hole taper angle, and inlet circularity are examined as process 

responses. ANOVA is employed to establish significant relationships between process parameters and 

response variations based on experimental tests. Creating a precise simulation model that accurately 

accounts for the moving boundary of the target material's receding surface is a crucial and challenging 

task in formulating the laser heat conduction problem. It is necessary to simultaneously capture the 

material's dynamic front movement and update the boundary conditions of the laser source. To model 

the micro-drilled hole with LBPMD, the UMESHMOTION and DFLUX subroutines, along with the 

arbitrary Lagrangian-Eulerian (ALE) adaptive re-mesh algorithm in  software, are 

utilized. Notably, no previous numerical study has predicted the geometry of micro-drilled holes using 

this technique. The proposed procedure is validated through the predictions of inlet and outlet hole 

diameters. Special emphasis is placed on the validation of models. Consequently, numerical model 

and statistical model are compared as well as on the need to define model applicability. The study 

demonstrates that all input parameters significantly influence the inlet hole diameter, while the pulse 

width notably affects the taper angle and circularity. The interaction between high laser frequency and 

low duty cycle results in reduced pulse duration. Multi-objective optimization is performed to 

determine the optimal process parameter settings for desired quality characteristics, considering 

minimum hole taper angle, precise inlet diameter, and maximum inlet circularity of the hole as 

optimization criteria. The findings show that with the optimized predicted results obtained from the 

optimal input variables, a composite desirability of 92% can be achieved. 

Keywords: LBPMD (laser beam percussion micro drilling), Finite element method, 

Hastelloy X, Moving boundary condition, Response Surface Method (RSM)  
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1. Introduction: 

Laser material processing has emerged as a new method for achieving micro-hole drilling in 

hard-to-cut materials, thanks to its ultrafast and pulsed wave capabilities. It offers competitive 

features such as non-contact operation, high aspect ratio, high energy, and high efficiency. 

This method finds diverse applications in aerospace, medical implants, micro-

electromechanical systems (MEMS), drug delivery orifices, electronic communications, 

energy batteries, and micro-optical artificial compound eyes [1], [2]. For example, laser 

micro-deep-hole drilling has been used by developers of surgical tools for brain and bone to 

work with challenging metals like stainless steel and Ti6Al4V [3]. Similarly, micro-holes in 

turbine blades serve as cooling channels in the aviation sector. 

In this study, Hastelloy X is chosen as the target material. It is a nickel-based superalloy with 

high iron content, solid-solution-strengthened with Cr-Mo. Hastelloy X is widely recognized 

as a difficult-to-machine or high-tech material due to its high working temperatures, high 

creep resistance, excellent oxidation resistance, remarkable hardness, and low thermal 

conductivity [4]. Consequently, it is extensively used in manufacturing high-temperature 

components for aerospace applications, including jet engine tailpipes, nozzle vanes, 

afterburner components, turbine blades, combustion chamber components, and other aircraft 

parts [5], [6]. 

However, the laser micro-drilling process faces certain limitations. Achieving low hole taper 

angle, minimizing heat-affected zone (HAZ), ensuring high circularity, high aspect ratio, and 

minimizing recast formations and other metallurgical defects pose challenges [7]. These 

issues are more prevalent in stationary beam drilling techniques like percussion drilling 

compared to moving beam methods such as trepanning and helical drilling [8], [9]. 

Nonetheless, achieving high-quality holes with maximum circularity, minimal difference 

between entrance and exit hole diameters, and low taper angles remains a requirement [10]. 

To attain high-quality holes, new methods and tools have been proposed, including changing 

focal position, beam movement, underwater drilling [11], new drilling cycles [12], and the 

use of assist gas [13]. Several researchers have also developed processing parameters to 

achieve optimum responses with high quality. 

In 2018, Moradi et al. conducted a study on statistical modeling and optimization of laser 

percussion micro-drilling in thin AMS 5510 stainless steel 321 sheets. They investigated the 

impact of varying laser beam frequency, duty cycle, and laser power as input parameters on 
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hole geometry. The output factors analyzed included entrance and exit hole diameters, 

circularity, and taper angle. Their findings revealed a decrease in entrance hole diameter and 

taper angle accordingly [14]. In 2021, Saravanan et al. optimized laser drilling parameters for 

creating holes in thin Ti6Al4V sheets. Laser power, laser speed, and laser pulse frequency 

were adjusted as input parameters to enhance hole circularity. Their study identified laser 

speed and frequency as the most significant factors influencing the process. 

In conclusion, it was reported that hole circularity increases with increasing frequency and 

speed [15]. In 2021, Chang Liu et al. investigated the feasibility of laser trepan drilling in 

2.5D Cf/SiC composite to create micro-holes. They found that taper angle and heat-affected 

zone posed challenges during drilling. Their study concluded that defocusing had an extreme 

effect on taper angle with a 75.42% contribution, while its effect on HAZ was negligible [16]. 

In 2018, Nasrollahi et al. used ultra-short pulsed laser for micro-drilling ceramic substrates 

and examined the impact of fluence and focal distance as input parameters. Their objective 

was to achieve high aspect ratio holes and improve hole morphology and quality. They 

successfully controlled taper angle and cylindricity to enhance hole quality by increasing 

fluence and decreasing focal distance while considering the risk of recast formation [17]. 

Moradi et al. simulated the laser percussion micro-drilling process of Nickel-base superalloy 

Inconel 718 in 2017 using the finite element method. They investigated laser pulse frequency, 

power, focal position, and duty cycle as input parameters. Increasing each input factor led to 

an increase in output parameters such as entrance and exit hole diameters, hole taper angle, 

and removal mass weight [18]. Arrizubietta et al. studied hole formation in laser percussion 

drilling of AISI 304 stainless steel plate with a thickness of 1 mm using a fiber laser. They 

achieved a taper angle of 2-4° at the entrance and exit of the hole, respectively. Panda et al. 

optimized the laser drilling process of stainless steel using the GRA (grey relational analysis) 

approach and proposed optimal input parameters such as pulse width, number of pulses, 

assist gas flow rate, and gas pressure based on high quality in HAZ, hole diameter, and 

material removal rate [19]. In 2020, Wanqin Zhao et al. examined the influence of high 

frequency on the geometry and morphology of micro-holes drilled in metals. They increased 

laser ablation efficiency with a high repetition rate, resulting in reduced ejection time of 

ablated material and cooling time of the substrate material. Their study reported the 

relationship between repetition rate, depth, and diameter of holes and found that repetition 

rate had a weak or no effect on hole dimensions in micro-deep hole drilling [20]. 
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In the present study, RSM (Response Surface Methodology) was used to investigate the laser 

parameters on hole geometry in laser percussion micro-drilling. The geometry and 

morphology of the holes were analyzed in detail using a high-resolution optical microscope. 

To the best of the authors' knowledge, no previous study has numerically investigated laser 

percussion micro-hole drilling of Hastelloy X, accurately predicted hole dimensions and 

solving the temperature field simultaneously. The modeling of laser percussion micro-drilling 

was performed using the DFLUX subroutine and UMESHMOTION combined with the 

arbitrary Lagrangian-Eulerian (ALE) adaptive mesh algorithm in the  software. 

The proposed model takes into consideration the temperature-dependent material and optical 

characteristics of the workpiece, as well as the percussion impact of the pulsed laser. The 

predicted geometrical and dimensional properties show superior agreement with experimental 

data compared to standard approaches in the literature. The model was validated by 

comparing the findings with experimental data. As a result, the experimental findings were 

optimized using multi-objective optimization based on Derringer's technique to establish the 

ideal outputs and determine the effect of each input parameter. 

2. Design of experiments and methodology 

In the current study, the response surface methodology is used as the method for designing 

the experiment. The response surface approach is a method for determining the relationships 

between the input parameters of the process and the output responses [21]. There are several 

important criteria in the LBPMD process. In this study, the independent input variables 

selected were laser power (P), duty cycle (D), focal plane position (FPP), and laser frequency 

(f). The coded and actual values of the three input parameters are presented in Table 1. It is 

important to note that 31 trial specimens of laser percussion drilling were performed by 

varying one of the process variables to determine the operating range of each parameter. 

Therefore, each of the input parameters was selected at three different levels, resulting in a 

total of 26 experiments conducted; 16 as cube points, eight as axial points in the cubic vertex, 

and two points in the cubic centre. illustrates the cubic space with design levels (-1 to +1) for 

the five varied parameters, according to the design matrix. The output parameters measured 

were inlet hole diameter, outlet hole diameter, taper angle, and inlet circularity of the drilled 

samples. Figure 1 illustrates the schematic diagram of laser percussion drilling. 
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Figure 1. Schematic figure of laser percussion drilling [22] 

Table 1. Designed levels of input variables of LBMPD 

Variable Symbol Unit -1 0 1 

Laser power P W 500 600 700 

Laser pulse frequency f Hz 1000 10000 20000 

Focal plane position FPP mm 8 10 12 

Duty cycle (pulse duration) D % 40 50 60 
 

 

3. Materials and methods 

3.1 Material specifications 

 

The thin sheet aerospace nickel-based superalloy Hastelloy X with a thickness of 1 mm was 

used as an experimental material workpiece. The chemical composition of the material, 

which is the average of three measurements is reported in Table 2. 

Table 2. Chemical composition (wt.%) of Hastelloy X 

Cr Fe Mo Co W Mn Si Cu 

21.27 18.63 8.59 1.55 0.59 0.51 0.24 0.24 

Al Nb C P Ti B S Ni 

0.12 0.10 0.07 0.014 0.01 0.002 0.001 48.17 
 

 

3.2 Laser processing procedure 

For the LBPMD process, a 1KW fiber laser (YFL_1000_MM; model made in Iranian 

National Laser Center) with a maximum average power of 1 KW, the nozzle diameter 0.35 

mm, the minimum spot size of the laser at the focal position of 200 μm, the focal length of 
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200mm, and wavelengths of 1080 nm which was used in pulsed mode [23]. In all trials, the 

argon assist gas pressure was employed with a gas flow rate of 15 Lit/min.  

3.3 Experimental Work 

Laser drilling experiments were performed according to the matrix scheme of DOE presented 

in Table 2. As previously stated, the output responses were inlet and outlet hole diameter, 

hole taper angle, and inlet circularity. Each parameter's measurement technique is detailed in 

detail below. The output responses on the schematic drilled geometry are shown in Figure 2. 

 

Figure. 2. Schematic of drilled geometry 

3.3.1 Inlet and outlet hole diameters 

The geometrical characteristics of the inlet and outlet hole diameters were recorded using an 

optical microscope (Axioskop 40; Carl Zeiss AG) at a magnification of ×940. Measurements 

of the inlet and outlet diameter and circularity of each hole were operated by the Visilog 

software [24]. The sizes of the inlet and outlet holes were regarded the primary factors, and 

additional criteria such as inlet circularity and hole taper angle were evaluated based on them. 

3.3.2 Hole taper angle 

Based on the inlet and outlet diameters, the hole taper is defined by Eq.1: 

 

(1) 

where ( ) is inlet hole diameter, ( ) is outlet hole diameter and t are the 

thickness of the material.  

3.3.3 Inlet circularity 

Due to the ejection way of the molten material from the exit hole, outlet circularity is not a 

problematic parameter. Therefore, the hole exit is usually more circular than the hole 

entrance. However, different input variables affect the inlet circularity. The inlet circularity 
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for the entire set of the experiments is conducted by measuring the hole diameter in an 

interval of 30 degrees each along the circumference of the hole using a microscopic image 

and average the result using the Eq.2: 

 

(2) 

 

When a hole circularity is equal to 1.0 (100%) indicates that the hole is totally circular.  

and  in the Eq.2 are the minimum and maximum hole diameters respectively [25].  

4. Numerical Modeling 

Finite element analysis (FEA) of microsecond laser beam percussion micro-drilling 

(LBPMD) is performed using ABAQUS. The modeling implementation includes two basic 

subroutines: DFLUX and UMESHMOTION. The DFLUX subroutine allows us to model the 

pulsed laser heat source and account for heat loss due to convection and radiation [26]. It is 

important to note that special attention is required in the DFLUX subroutine to define the 

body heat flux, as the coordinate  ( moves with the progressive recession of 

the target material's surface. Thus, the coordinate  is updated after each time increment to 

reflect the current position. 

 

(3) 

Where k, with k=0, 1, 2 …., is the increment number,  is the ablation rate, and  is the time 

increment. Time increment is 0.001. The ablation depth of the material during drilling is 

resulted from ablation rate and the time increment. Progressive variation of the surface during 

laser drilling to accurately predict the dimensions of the drilled hole is performed by the 

UMESHMOTION subroutine, in combination with the Arbitrary Lagrangian-Eulerian (ALE) 

adaptive mesh algorithm [27]. Specifically, the UMESHMOTION subroutine requires the 

temperature of each node to evaluate the depth of material removal, so these two subroutines 

must be used simultaneously. In this study, a 2D axisymmetric FEM-based model is 

employed due to the circularity of the cross-sections and the laser beam, allowing us to 

estimate the geometrical features and temperature distribution for validation with 

experimental results. Firstly, some critical assumptions forming the basis of this research are 

listed. Then, the governing equations, boundary conditions, heat source model, programming 

of the pulsed laser, temperature-dependent properties, mesh moving algorithm, and meshing 
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are briefly explained. The governing equation used is for determining the transient heat 

transfer within the axisymmetric sheet. 

The FEA incorporates the UMESHMOTION subroutine and the ALE adaptive remesh 

algorithm to obtain the temperature solution for calculating the instant ablation rate at each 

time increment. The surface nodes of the material move to new positions based on the 

ablation rate, resulting in a reduction in volume and mass of the material. Additionally, the 

entire computational domain is remeshed using the ALE adaptive remesh algorithm after the 

movement of surface nodes. The new mesh is then used to solve the laser heat conduction for 

the next time increment, ensuring a tight connection between surface recession and heat 

conduction. It's important to note that the ablated material is completely removed from the 

simulation domain, and the reduction in internal energy due to material removal is 

automatically considered in the numerical procedure. 

 

4.1 Assumptions 

In LBPMD modeling, several challenges are involved, including phase transformation, high-

temperature gradients, and plasma formation. To accurately simulate this process, the model 

being used must adequately capture the actual characteristics of the process. In order to 

ensure a proper simulation, the following hypotheses have been taken into consideration [28]: 

1. The proposed material is isotropic and homogeneous with temperature-dependent 

properties. 
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2. The input laser heat flux is considered as Gaussian beam distribution and is defined as a 

surface heat flux. 

3. The plasma formation, melt flow and recoil pressure inside the hole were ignored. 

4. The laser beam is absorbed on the surface and transferred vertically downward. 

5. The heat transfer within the molten pool was ignored. 

6. The molten material is considered transparent and does not absorb the laser energy.  

7.Vaporization stage results in removal of material in laser drilling. So in this research, 

element deletion is taken into account. 

4.2 Governing equations 
 

When laser energy is absorbed, it leads to a rapid increase in temperature on the surface of 

the solid material. With the incorporation of convective and radiative heat exchanges, the 

thermal behavior of the solid material is governed by the provided energy balance equation 

Eq.3: 

 

(3) 

Where T is the temperature, ρ(T) is the temperature-dependent density; C(T) represents the 

temperature-dependent specific heat, k(T) is the temperature-dependent thermal conductivity, 

 is the material removal rate (i.e., material removal), and  is the rate of energy density 

input from the laser source. The used materials in this research are considered homogenous. 

4.3 Boundary conditions 

Figure 3 illustrates an axisymmetric model with accurate boundary conditions that yield ideal 

results for modeling the LBPMD process. In this study, the laser beam is treated as a 

Gaussian-distributed heat source with an  value of 1.05. The boundary conditions 

associated with Equation 3 are divided into several sections. In the first step, the initial 

temperature of the model is assumed to be equal to the ambient temperature. The governing 

thermal boundary conditions of the model are presented in Equations 4-6 [29]. Here, τ 

represents the pulse width, and T=1/f denotes the total period of each pulse. 

When 0 < t < :  

 

(4) 
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Whenever  < t < T:  

 

(5) 

Whenever t > 0: 

 

(6) 

 

Figure. 3. Boundary conditions 

In the LBPMD process, the surface of the target material is exposed to extreme temperature 

changes. Therefore, significant heat transfer occurs through radiation, which should be 

considered a highly important heat loss factor in this process. The Stefan-Boltzmann law 

describes the radiation heat loss from the workpiece's surface:  

 

(7) 

In the Eq.7,  and  are the surface temperature of workpiece and the ambient temperature 

of the environment respectively.  is the emissivity coefficient of radiation which is 0.9 [18]. 

σ is the constant value of the Boltzmann equals to . The ambient temperature is 

considered 298 K. 

To consider the heat losses as the result of the assisted gas, the convection heat coefficient 

was assumed to be 200  [18]. The Newton Cooling Law expresses the convection 

heat loss from the workpiece’s surface as Eq.8. h is the convection heat coefficient, and A 

shows the area of the target material. 
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(8) 

4.4 Temperature dependent thermo-physical properties  

Once the laser beam irradiates the surface of the sheet and transfers heat inside, the 

temperature increases rapidly due to interactions within the material. Since laser drilling 

involves melting and evaporation of the material, it is necessary to consider temperature-

dependent properties when simulating the removal of material during the process. In this 

study, the temperature-dependent properties of Hastelloy X, as shown in Table 3, are used 

based on literature sources [30]. 

Table 3. Temperature dependent properties [30] 

Temperature 

(K) 

Density (

) 

Thermal Conductivity 

( ) 

Specific heat 

( ) 

298 8240 9.2 486 

373 8221 11.2 487 

473 8193 14.1 484 

573 8162 15 491 

673 8130 16.9 507 

773 8095 18.8 531 

873 8058 20.9 564 

973 8019 22.8 606 

1073 7978 24.7 657 

1173 7934 26.7 716 

1273 7889 28 784 

1373 7841 30.2 860 

1473 7792 32.4 936 

1528 7761 33.7 936 

1628 7420 30 936 

1673 7363 30 936 

1737 7280 30 936 
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4.5 Appropriate Heat Source Model 

To model the laser heat source for the drilling process, it is highly recommended to use a 

radially symmetric disc with a Gaussian distribution. This disc represents the surface heat 

flux. Additionally, the body heat flux is defined by considering the change of the laser beam 

radius with the depth of the target material. In Eq.9,  represents the absorptivity, 

 is the laser power function, and  is the peak power. According to Eq.10, R is 

the laser effective beam radius, which is a function of the hole depth caused by defocusing. 

The variable r represents the radial distance from the laser axis,  is the laser wavelength,  

is the melt depth, d is the laser beam diameter,  is the laser focal length from the lens, and f 

is the laser frequency (repetition rate). It is important to note that in the DFLUX subroutine, 

as the mesh moves via the UMESHMOTION subroutine to form a drilled hole  must be 

adjusted to the surface of the workpiece ( ). The value of d (in mm) represents the 

removed depth due to reaching the vaporization temperature [29]. 

 

(9) 

 

(10) 

 

For a more detailed investigation, absorptivity is defined as a function of the irradiated laser 

beam's wavelength and the temperature of the sheet according to Eq.11 [31]. It should be 

noted that the absorptivity is higher for shorter laser beam wavelengths and increases with the 

rise in material temperature. 

 

(11) 

Where  shows the permittivity of vacuum,  is the coefficient of resistance of the sheet,  

is the wavelength of the fiber laser beam,  ( ) is the light velocity and  is the target 

conductance at the initial temperature. Table 4 shows the values of the above parameters for 

Hastelloy X [30]. 

Table 4. Absorptivity properties of Hastelloy X 

Definition Values 
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Permittivity of vacuum ( )  

Coefficient of resistance ) 
0.006 

Conductance ( )  

 

4.6 Implementation of pulsed (percussion) laser heat source 

In order to gain a theoretical understanding of the laser percussion micro-drilling process, a 

schematic of the pulsed 3D heat flux and the definition of laser pulse parameters are shown in 

Figure 3. To simulate the characteristics of the heat flux generated by laser pulses, a DFLUX 

user subroutine for the mentioned heat source model was developed [32]. 

 

(a) 

 

(b) 
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Figure. 3. a) shows Schematic of pulse laser irradiation b) definition of laser pulses (MATLAB software) 

The first step in simulating percussion laser drilling is to consider pulse operation. Therefore, 

it is necessary to define the modulated laser power as a function of laser frequency f. The 

period is defined as T, while  and  represent the pulse interval and pulse width time, 

respectively, as shown in Eq.13. In this research, the laser pulse shape is defined as a 

perfectly rectangular pulse with a sine function, according to Eq.15. During the pulse 

duration time, the laser power P is equal to . However, P is equal to zero when there is 

no pulse within one period. 

 

(12) 

 

(13) 

 

(14) 

  (15) 

Besides, value as the maximum instantaneous optical power output by the laser can be 

obtained using Eq.16 

 

(16) 

The novelty of modeling percussion laser drilling lies in simulating the stationary pulsed laser 

heat source, which provides more accurate spatial thermal loading. Additionally, all the 

process parameters that need to be determined on the laser machine are defined in this model 

and depicted in Table 5. 

Table 5. Required laser parameters for simulation  

Parameters (mm) 
 

 (Hz) (mm) (nm)  (W)  

(mm) 

values 30 1.05 250-500-750 50 1080 500-600-700 0.8 0.5 

 

 

4.7 Novel element deletion method with mesh moving and Adaptive Remeshing Algorithm in 

Abaqus 
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In this study, finite element analysis of the nonlinear heat transfer for laser percussion drilling 

is conducted using Abaqus. According to the literature, several techniques have been 

implemented in FEA software to model laser drilling. One of the most well-known methods 

is the element deletion technique, which deletes elements once their temperature reaches a 

specific value. However, despite the advantages and simplifications of this method, the heat 

flux boundary cannot be properly updated after elements are deleted. In contrast, the current 

novel method offers an alternative approach with the UMESHMOTION subroutine, which 

allows the user to define mesh movement corresponding to various field variables, such as 

temperature. Therefore, in this technique, when the surface temperature reaches a specific 

temperature (vaporization temperature), an evaporation phenomenon takes place, and the 

material is instantly removed after each time increment. Additionally, the ALE mesh 

algorithm regenerates the mesh after the downward movement of surface nodes parallel to 

their direction. It should be noted that the boundary conditions, including convection and 

radiation, can also be automatically updated. Furthermore, the ALE mesh algorithm 

minimizes mesh distortions and helps to improve the smoothness of the simulation. The 

schematic of the numerical procedure is shown in Fig. 4[27]. Fig. 4 (c) demonstrates the 

procedure to calculate the temperature of each node and material removal respectively. The 

contour result of the LBPMD process is shown in Fig.5. 

 

 

( a) ( b ) ( c ) 

Figure. 4. Schematic of modelling material removal 

 

Figure. 5. Drilled hole with mesh moving procedure 

It is assumed that evaporation occurs when a portion of the element area surpasses the 

vaporization temperature Tvap. Consequently, the surface nodes move to their new positions 

based on the instantaneous material removal rate. As a result, both the volume and mass of 
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the workpiece are reduced accordingly. The motion of the nodes is programmed by moving 

the upper nodes and  whose temperature exceeds the vaporization temperature of the 

workpiece to the exact receding surface, where the temperature is set to  (if > 

 , <  is satisfied). Figure 6 illustrates the different phases of hole formation 

during the LBPMD process with the proposed model. 

 

 

 

Figure. 6. Laser drilling simulation in different stages 

4.8 Mesh 

The material's computational domain represents the right half of the workpiece and has 

dimensions of 5 mm in length and 2 mm in thickness. To ensure accuracy, a fine mesh is 

applied specifically to the heated surface, with a fine element size of 50 μm × 50 μm. In other 

areas, a coarser mesh is used. Extensive mesh refinement studies have been conducted, 

confirming that the mesh size employed in the current simulation is sufficiently accurate. The 

modeling domain utilizes the CAX4T element type, which consists of 4-node bilinear 

displacement and temperature elements. The computations are carried out on a laptop 

equipped with a dual-core processor and 32 GB of RAM. Given the high-temperature 

changes in these thermal simulations, it is necessary to use smaller time increments to ensure 

compliance with the maximum allowable temperature change per increment. 
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4.9 Validation  

The developed FEA model was validated using experimental data for the inlet and outlet 

diameters. A total of 26 different cases, designed based on the RSM, were compared using 

the obtained results. The Visilog software was utilized to precisely measure the inlet and 

outlet diameters of each drilled hole in the experimental outputs. In the simulation with 

Abaqus, we focused solely on the inlet and outlet diameters as the response variables. Figure 

7 presents the numerical results for the inlet and outlet diameters of the laser-drilled hole. The 

average relative error between the experimental and predicted values using the model was 

found to be 7.25% for the inlet diameter and 12.258% for the outlet diameter. These errors 

fall within acceptable ranges. A detailed comparison between the simulated and experimental 

results is provided in Table 6.  

 

Figure. 7. Inlet and outlet hole diameter measurement 

Table 6. comparison between predicted and measured results 

 

No 

Input variables Errors 

Laser 

power 

(W) 

Laser 

pulse 

frequency 

(Hz) 

Duty 

cycle 

% 

Focal 

plane 

position 

(mm) 

In
le

t 
d

ia
m

et
er

 
 %

 

O
u

le
t 

d
ia

m
et

er
 

%
 

1 500 1000 40 8 11.62326 4.72 

2 700 1000 40 8 6.5 27.53333 

3 500 20000 40 8 2.4675 22.91667 

4 700 20000 40 8 9.166667 7.333333 

5 500 1000 60 8 1.593023 3.575758 

6 700 1000 60 8 5.943396 1.268293 

7 500 20000 60 8 0 0 
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8 700 20000 60 8 14.94 9.125 

9 500 1000 40 12 11.26909 0.171429 

10 700 1000 40 12 9.35625 4.626667 

11 500 20000 40 12 14.61538 0 

12 700 20000 40 12 0.883333 33.43919 

13 500 1000 60 12 3.805556 4.652778 

14 700 1000 60 12 16.06349 14.44156 

15 500 20000 60 12 0 0 

16 700 20000 60 12 5.335 3.322368 

17 500 10000 50 10 4.427083 4.928571 

18 700 10000 50 10 1.08 23.66667 

19 600 1000 50 10 2.381818 29.7 

20 600 20000 50 10 14.67925 37.15094 

21 600 10000 40 10 4.245283 15.13636 

22 600 10000 60 10 14.69231 16.23333 

23 600 10000 50 8 3.854167 24.56863 

24 600 10000 50 12 3.333333 0 

25 600 10000 50 10 11.0283 15.44262 

26 600 10000 50 10 15.32075 14.7541 
 

 

In Figure 8(a) and Figure 9(a) inlet and outlet diameters are compared between measured 

results and predicted ones in regression model respectively. In Figure 8(b) and Figure9(b) 

normal probability of regression model for inlet and outlet diameters are demonstrated. The 

regression equations for  and  are presented as Eq.17 and Eq.18 respectively. 

The ANOVA in Table 7 and Table 8 confirms that the regression model provides a good 

estimation for the fitted interpolation lines. The obtained regression equation is considered 

significant, while the lack-of-fit is deemed insignificant. In Figure 10 accurately illustrates the 

five stages of hole formation at different time increments for the No.17 case. Additionally, 

Figure 11 showcases the comparison of diameter measurements between the numerical and 

experimental outputs. 
 

 

(17) 

 
Table 7. Regression model summary for inlet hole diameter 

S R-sq R-sq(adj) 

50.2043 47.03% 44.62% 
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(a) 

 

(b) 

Figure. 8. a) Plot of experimental vs. predicted values for inlet diameter in a regression model b) Normal probability 

plot for regression model of inlet diameter   

 

 

(18) 

 

 
Table 8. Regression model summary for outlet hole diameter 

S R-sq R-sq(adj) 

97.4872 79.61% 78.59% 
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(a) 

 

(b) 

Figure. 9. a) Plot of experimental vs. predicted values for outlet diameter in a regression model b) Normal 

probability plot for regression model of outlet diameter   
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Figure. 10. 5 steps of simulation laser drilling case (17) 
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Figure. 11. Comparison between experimental and simulation results 

5. Statistical modeling 

In this study, the response surface methodology was used for the design of experiments 

(DOE) with the assistance of Minitab 2019 software. Each of the input parameters, including 

laser power (P), duty cycle % (D), focal plane position (FPP), and laser frequency (f), was 

assigned three levels, resulting in a total of 26 experiments. The responses analyzed in this 

study were the inlet diameter, outlet diameter, hole taper angle, and inlet circularity, and their 

summarized results can be found in Table 9. ANOVA was employed to determine the 

mathematical models for the responses, and subsequently, the input factors were optimized 

using Minitab 2019. The significant factors and the highest polynomial order were identified 

based on criteria such as P-value and adjusted R2. Figure 12 provides a visual representation 

of the drilled geometry and dimensions for some selected tests listed in Table 9. 
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Figure. 12. Selected drilled hole’s dimensions 

Table 9. Experimental results overview 

 

No. 

Input variables Experimental Output parameters 

Laser 

power 
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1 500 1000 40 8 1.15 400 24.9 380.02 238.2 4.270 0.805 

2 700 1000 40 8 0.44 400 34.8 467.5 382.6 2.430 0.735 

3 500 20000 40 8 0.51 20 24.9 409.87 185 6.250 0.904 

4 700 20000 40 8 0.4 20 34.8 524 322 5.770 0.835 

5 500 1000 60 8 0.85 600 16.6 423.15 318.2 3.005 0.7 

6 700 1000 60 8 0.35 600 23.2 498.5 415.2 2.100 0.625 

7 500 20000 60 8 - 30 16.6 No hole - * - 

8 700 20000 60 8 0.3 30 23.2 574.7 436.5 3.950 0.695 

9 500 1000 40 12 1.5 400 24.9 488.02 698.8 5.980 0.763 

10 700 1000 40 12 0.65 400 34.8 580.12 715.3 3.910 0.684 

11 500 20000 40 12 0.64 20 24.9 596 blind * - 

12 700 20000 40 12 0.47 20 34.8 605.3 987.45 10.820 0.8 

13 500 1000 60 12 1 600 16.6 519.45 686.5 4.770 0.658 
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14 700 1000 60 12 0.52 600 23.2 528.8 658.8 3.710 0.584 

15 500 20000 60 12 0.6 30 16.6 No hole - * - 

16 700 20000 60 12 0.38 30 23.2 632.01 785.25 4.570 0.645 

17 500 10000 50 10 1.5 50 19.9 501.25 367.25 3.830 0.768 

18 700 10000 50 10 0.4 50 27.9 544.06 366.4 5.100 0.712 

19 600 1000 50 10 1 500 23.9 563.1 648.5 2.440 0.689 

20 600 20000 50 10 0.4 25 23.9 607.8 726.9 3.400 0.83 

21 600 10000 40 10 0.55 40 29.8 507.5 633.25 3.640 0.802 

22 600 10000 60 10 0.5 60 19.9 596.4 697.4 2.890 0.65 

23 600 10000 50 8 0.45 50 23.9 498.5 384.7 3.250 0.723 

24 600 10000 50 12 0.6 50 23.9 558 Blind * - 

25 600 10000 50 10 0.55 50 23.9 588.45 704.2 3.310 0.785 

26 600 10000 50 10 0.5 50 23.9 611.2 700 2.540 0.765 
 

 

6. Results and Discussion 

The responses analyzed in this study included the inlet hole diameter, outlet hole diameter, 

inlet circularity, and hole taper angle. It is important to note that circularity at the hole exit is 

not a major concern in LBPMD, as the ejection of removed material tends to make the hole 

exits more circular. Therefore, the assessment of inlet circularity alone is sufficient. The 

effects of various laser process factors on these geometrical features were evaluated. 

ANOVA was conducted on the experimental results to identify significant input factors and 

investigate their impacts on the outputs. This analysis utilized full quadratic polynomial 

functions and was carried out using Minitab 2019 statistical software. By examining the 

measured responses presented in Table 9, statistical information regarding the inlet and outlet 

hole diameter, inlet circularity, and hole taper angle in relation to variations can be extracted 

and analyzed using Minitab. The relationship between the geometrical features and laser 

process parameters is described in detail. Finally, a multi-objective optimization of the 

LBPMD process was performed to achieve the most desirable responses. 

6.1 Inlet hole diameter 

The equivalent entrance diameter provided in the analysis represents the nominal hole 

diameter. Hence, for each inlet hole, all responses were examined and discussed. In Table 10 

primary results before modifying model is represented. The ANOVA results in Table 11 

indicate that all input factors, including laser power, laser frequency, focal plane position, and 
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duty cycle, have a significant impact. The ANOVA in Table 12 confirms that the regression 

model provides a good estimation for the inlet hole diameter. The obtained regression 

equation is considered significant, while the lack-of-fit is deemed insignificant. However, 

according to Figure 13 none of the interaction or quadratic terms were found to be significant. 

The regression equation derived from the analysis is considered significant, while the lack-of-

fit is deemed insignificant. Therefore, based on the analysis and modified model, the final 

regression equation in terms of uncoded parameters is presented as Eq.19. 

Table 10. Unrevised ANOVA of the inlet hole diameter 

Source DF Adj SS Adj MS F-Value P-Value 
Model 14 94987 6784.8 8.36 0.002 

Linear 4 70137 17534.2 21.61 0.000 

P(W) 1 7103 7103.2 8.75 0.016 

f(Hz) 1 13743 13742.8 16.94 0.003 

D (%) 1 4512 4512.3 5.56 0.043 

FPP (mm) 1 31305 31305.4 38.58 0.000 

Square 4 11925 2981.2 3.67 0.049 

P (W) × P (W) 1 3217 3216.6 3.96 0.078 

f(Hz) × f(Hz) 1 1562 1562.4 1.93 0.199 

D (%) × D (%) 1 118 117.6 0.14 0.712 

FPP (mm) × FPP (mm) 1 2358 2358.0 2.91 0.122 

2-Way Interaction 6 7704 1284.0 1.58 0.257 

P(W) × f(Hz) 1 266 266.4 0.33 0.581 

P(W) × D (%) 1 1102 1102.1 1.36 0.274 

P(W) × FPP (mm) 1 2491 2490.5 3.07 0.114 

f(Hz) × D (%) 1 1188 1187.6 1.46 0.257 

f(Hz) × FPP (mm) 1 427 426.5 0.53 0.487 

D (%) × FPP (mm) 1 2061 2060.8 2.54 0.145 

Error 9 7302 811.4   

Lack-of-Fit 8 7044 880.5 3.40 0.398 

Pure Error 1 259 258.8   

Total 23 102289    
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(a) 

 

 

(b) 

 

Figure. 13. (a)Normal plot before modifying model (b) Normal plot for modified model 
 

Table 11. Revised ANOVA of the inlet hole diameter 

Source DF Adj SS Adj MS F-Value P-Value 
Model 4 71699 17924.7 10.85 0.000 

Linear 4 71699 17924.7 10.85 0.000 

P 1 11670 11670.0 7.07 0.016 

F 1 16779 16779.3 10.16 0.005 

D 1 4574 4573.6 2.77 0.113 

FPP 1 33515 33514.6 20.29 0.000 

Error 19 31383 1651.7   
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Lack-of-Fit 18 31124 1729.1 6.68 0.297 

Pure Error 1 259 258.8   

Total 23 103081    
 

 

 

(19) 

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

Figure. 14. Surface plots for inlet diameter a) laser power versus laser frequency b) duty cycle versus focal 

plane position 

Table 12. Model adequacy for inlet diameter 
 

S R-sq R-sq(adj) R-sq(pred) 

0.0256492 96.48% 89.44% 68.64% 

 

 

 

Figure 14 depicts the surface plot showcasing the impact of significant input parameters on 

the entrance hole diameter. The plot clearly shows that the highest value of each parameter 
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corresponds to the largest diameter of the entrance hole. Increasing the laser power results in 

an enlargement of the entrance hole diameter. This happens since adopting higher laser 

power the threshold energy is exceeded in a wider range of the Gaussian (i.e. part of the 

tails also is now able to vaporize the material). Similarly, higher laser frequency leads to a 

larger entrance hole diameter, as indicated in Figure 14. Increased laser frequency results in a 

greater accumulation of heat input irradiated onto the material. It is important to note that 

laser frequency significantly affects the peak power of each pulse. Another notable 

observation is the combined effect when two adjacent pulses are irradiated on the target for a 

specific duration, causing the melt to solidify and resulting in the formation of hole blockages 

[33]. Therefore, based on this issue, a laser frequency higher than 20 kHz was not chosen. As 

shown in Table 9, tests No.7 and No.15 experienced a significant decline in laser pulse power 

(up to 30%), rendering the laser machine unable to drill the hole. The laser intensity 

decreased to 16.6  for these cases. Duty cycle, another input parameter, also 

influences the inlet hole diameter. Varying the duty cycle affects the pulse width, with an 

increase in duty cycle leading to a longer pulse width. This, in turn, extends the radiation 

time, allowing for a longer interaction between the target material and the laser beam and 

providing sufficient heat at the entrance hole. Finally, the focal plane position is examined. 

When the focal plane position is positive, the laser beam spot is located at the top of the 

target, resulting in a larger hole diameter on the surface.  

6.2 Hole taper angle 

In terms of hole taper, all the main effects of the parameters, except for laser power, have 

notable impacts. Table 13 indicates unrevised ANOVA table. However, Table 14 provides 

evidence of the highly influential interaction between duty cycle (D) and laser frequency (f) 

among the second-order terms and interactions. The results demonstrate that laser frequency, 

duty cycle, and focal plane position have significant effects on the hole taper angle. Eq.20 

presents the regression model in uncoded values for the hole taper angle, considering the 

significant parameters. The ANOVA in Table 15 confirms that the regression model provides 

a good estimation for the hole taper angle. The obtained regression equation is considered 

significant, while the lack-of-fit is deemed insignificant. When the regression model is 

deemed significant and the lack-of-fit is insignificant simultaneously, it indicates that the 

analysis has been carried out correctly. 

 



 

29 
 

 

Table 13. Unrevised ANOVA of hole taper angle 

Source DF Adj SS Adj MS F-Value P-Value 
Model 14 67.6633 4.8331 4.85 0.022 

Linear 4 33.8280 8.4570 8.49 0.008 

P (W) 1 0.0180 0.0180 0.02 0.897 

f (Hz) 1 5.7583 5.7583 5.78 0.047 

D (%) 1 15.9787 15.9787 16.03 0.005 

FPP (mm) 1 8.8245 8.8245 8.86 0.021 

Square 4 8.6255 2.1564 2.16 0.175 

P(W) × P(W) 1 2.8953 2.8953 2.91 0.132 

f(Hz) × f(Hz) 1 0.4729 0.4729 0.47 0.513 

D (%) × D (%) 1 0.0101 0.0101 0.01 0.923 

FPP (mm) × FPP (mm) 1 0.9602 0.9602 0.96 0.359 

2-Way Interaction 6 12.2539 2.0423 2.05 0.185 

P (W) × f(Hz) 1 3.1042 3.1042 3.11 0.121 

P (W) × D (%) 1 0.5922 0.5922 0.59 0.466 

P (W) × FPP (mm) 1 0.0464 0.0464 0.05 0.835 

f(Hz) × D (%) 1 8.2474 8.2474 8.28 0.024 

f(Hz) × FPP (mm) 1 0.3506 0.3506 0.35 0.572 

D (%) × FPP (mm) 1 1.2231 1.2231 1.23 0.305 

Error 7 6.9758 0.9965   

Lack-of-Fit 6 6.6794 1.1132 3.76 0.376 

Pure Error 1 0.2964 0.2964   

Total 21 74.6391    
 

 

Table 14. Revised ANOVA of hole taper angle 

Source DF Adj SS Adj MS F-Value P-Value 
Model 4 46.4075 11.6019 6.99 0.002 

Linear 3 42.5215 14.1738 8.53 0.001 
f(Hz) 1 13.2671 13.2671 7.99 0.012 

D (%) 1 16.4171 16.4171 9.89 0.006 

FPP (mm) 1 13.9752 13.9752 8.42 0.010 

2-Way Interaction 1 7.6638 7.6638 4.61 0.046 

F(Hz)*D (%) 1 7.6638 7.6638 4.61 0.046 

Error 17 28.2316 1.6607   

Lack-of-Fit 16 27.9351 1.7459 5.89 0.314 

Pure Error 1 0.2964 0.2964   

Total 21 74.6391    
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Table 15. Model Adequacy for Hole Taper Angle 

S R-sq R-sq(adj) R-sq(pred) 

1.28867 62.18% 53.28% 25.35% 
 

 
 

 

(a) 

 

 

(b) 
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(c) 

 

Figure. 15. Surface plots for hole taper angle a) duty cycle versus focal plane position b) duty cycle 

versus laser frequency c) laser frequency versus focal plane position 

 

Figure. 16 Interaction plot for hole taper angle 
 

Figure 15(a) and Figure 15(c) indicate that increasing the focal distance at a positive focal 

position significantly affects the exit hole due to the beam divergence effect. A higher focal 

plane position can lead to a larger outlet hole diameter, resulting in a higher hole taper angle. 

Additionally, Figure 15(b) and Figure 16 demonstrate that increasing the duty cycle and 

decreasing the laser repetition rate at a positive focal plane position effectively reduce the 

hole taper angle. Generally, a longer pulse duration results in a lower hole taper angle. This is 

because a longer pulse duration provides greater laser fluence per pulse, enhancing the 

penetration capability of the laser beam into the workpiece and effectively removing material 

from the lower section of the hole, resulting in a larger hole exit diameter. Regarding laser 

power, it is worth mentioning that increasing the power from 500 to 600 W shows a 
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considerable decrease in the hole taper angle. However, there are no changes in the hole taper 

angle when the power is increased from 600 to 700 W. Therefore, a higher peak power 

primarily reduces the hole taper angle. 

6.3 Inlet circularity 

As can be seen from the ANOVA in Table 16 and Table 17, the laser power, laser frequency, 

and duty cycle affect the inlet circularity significantly.  In this case, nor interactions neither 

quadratic term were not significant. Eq.21 shows the regression model with uncoded values 

for the hole taper angle considering significant parameters. The ANOVA Table18 of hole 

taper angle indicates that the regression model output fits it with a good estimation.  

Table 16. Unrevised ANOVA of inlet circularity 
 

Source DF Adj SS Adj MS F-Value P-Value 
Model 14 0.126230 0.009016 13.71 0.001 

Linear 4 0.112547 0.028137 42.77 0.000 

P (W) 1 0.010006 0.010006 15.21 0.006 

f(Hz) 1 0.016528 0.016528 25.12 0.002 

D (%) 1 0.044614 0.044614 67.81 0.000 

FPP (mm) 1 0.002804 0.002804 4.26 0.078 

Square 4 0.002080 0.000520 0.79 0.567 

P (W) × P (W) 1 0.000014 0.000014 0.02 0.889 

f(Hz) × f(Hz) 1 0.000861 0.000861 1.31 0.290 

D (%) × D (%) 1 0.000300 0.000300 0.46 0.521 

FPP (mm) × FPP (mm) 1 0.000785 0.000785 1.19 0.311 

2-Way Interaction 6 0.001388 0.000231 0.35 0.888 

P (W) × f(Hz) 1 0.000000 0.000000 0.00 0.993 

P (W) × D (%) 1 0.000002 0.000002 0.00 0.955 

P (W) × FPP (mm) 1 0.000076 0.000076 0.12 0.744 

f(Hz) × D (%) 1 0.001089 0.001089 1.66 0.239 

f(Hz) × FPP (mm) 1 0.000067 0.000067 0.10 0.759 

D (%) × FPP (mm) 1 0.000006 0.000006 0.01 0.927 

Error 7 0.004605 0.000658   

Lack-of-Fit 6 0.004405 0.000734 3.67 0.380 

Pure Error 1 0.000200 0.000200   

Total 21 0.130835    
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Table 17. Revised ANOVA of inlet circularity 

Source DF Adj SS Adj MS F-Value P-Value 
Model 3 0.117992 0.039331 55.12 0.000 

Linear 3 0.117992 0.039331 55.12 0.000 

P (W) 1 0.022323 0.022323 31.28 0.000 

f(Hz) 1 0.034693 0.034693 48.62 0.000 

D (%) 1 0.057197 0.057197 80.16 0.000 

Error 18 0.012844 0.000714   

Lack-of-Fit 17 0.012644 0.000744 3.72 0.389 

Pure Error 1 0.000200 0.000200   

Total 21 0.130835    

 

 

(21) 

 

 

Table 18. Model adequacy for inlet circularity 

S R-sq R-sq(adj) R-sq(pred) 

0.0267122 90.18% 88.55% 85.07% 
 

The interaction and surface plot are depicted in Figure 17 and Figure 18, respectively. In 

Figure 17 (a) and Figure 18, it is observed that increasing the laser frequency and decreasing 

the duty cycle leads to a shorter pulse width and a lower Feret ratio diameter, resulting in an 

improvement in the circularity of the hole. The pulse width, which is determined by the 

combination of the duty cycle and laser frequency, has a significant main effect on the hole 

circularity. Using a shorter pulse duration reduces the duration of melt ejection during each 

pulse, resulting in less variability in hole circularity and fewer burrs and debris during hole 

formation. In other word, by increasing the pulse frequency, the entrance hole diameter 

increases, because by increasing the pulse frequency, accumulation of heat is applied on the 

workpiece. Moreover, the highest inlet circularity is achieved at a laser frequency of 20,000 

Hz and a duty cycle of 40%. Furthermore, Figure 17(b) indicates that increasing the laser 

power results in more heat transmitted to the target material. This increased heat input leads 

to the expansion of the melted surface region in the radial direction, resulting in less circular 

holes. In conclusion, it can be stated that shorter pulse widths, higher peak powers, and lower 

focal plane positions contribute to the formation of more circular holes. Notably, the results 

indicate that pulse frequency alone does not have a significant effect on hole circularity. 
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(a) 

 

(b) 

Figure. 17. Surface plots for inlet circularity a) Duty cycle versus laser frequency b) Laser power versus laser 

frequency 
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Figure. 18. Interaction plot for inlet circularity 

7. Comparison between statistical model and simulation model 

In this section, the comparison between the statistical model and the simulation model is 

assessed. For inlet hole diameter, with reference to simulation results and ANOVA resultant 

model, deviation from experimental results is reported. As can be seen, the whole simulation 

error points are lower than statistical errorsˈ points. It is concluded that the following 

simulation model is a better tool for predicting the laser beam percussion micro-drilling 

process. Simulation and statistical Errors are reported in Table 19 and Figure 19. 

Table 19. Comparison between statistical and simulation model for inlet hole diameter 

Run Error% statistical Error% simulation 

1 0.103136677 0.131519394 

2 0.149463102 0.069518717 

3 0.008524654 0.024080806 

4 0.116076336 0.083969466 

5 0.19370436 0.016188113 

6 0.201636911 0.063189569 

7 - - 

8 0.193433096 0.12998086 

9 0.11662227 0.127002992 

10 0.158956768 0.103220023 

11 0.166684564 0.127516779 
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12 0.085650091 0.008755989 

13 0.169383001 0.039561074 

14 0.076656581 0.191376702 

15 - - 

16 0.12372589 0.050647933 

17 0.167690773 0.042394015 

18 0.128781752 0.010917913 

19 0.263816374 0.023264074 

20 0.210110234 0.128002632 

21 0.122333005 0.044334975 

22 0.252558685 0.128101945 

23 0.19668004 0.037111334 

24 0.120546595 0.032258065 

25 0.242764891 0.099328745 

26 0.270950589 0.132853403 

 

 

Figure. 19. Comparison between prediction models 

 

8. Desirability optimization 

The aim of this research was to achieve the highest quality in the LBPMD process, which 

includes the correct inlet diameter, the lowest hole taper angle, and the highest inlet hole 
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circularity. By statistically analyzing the results, regression equations establish an accurate 

relationship between input factors and output responses. Subsequently, a multi-parameter 

optimization of the micro-second LBPMD process was conducted using the desirability 

optimization methodology to obtain the most desirable and high-quality hole. This 

methodology is based on Derringer's desirability function, where values closer to one indicate 

the ideal case for desirability [34-36]. Table 20 presents the output responses, criteria, and 

constraint factors, along with their respective importance. Given the high importance of 

precise inlet hole diameter, a value of 3 was assigned to D(in). The optimization criteria, as 

shown in Table 21 to Table 23 and Figure 20, were determined by aiming for the minimum 

hole taper angle, the maximum hole circularity, and a target value for the hole entrance 

diameter. The experimental tests were conducted using the optimized predicted results to 

validate the statistical model. Table 22 provides the validation test results based on the 

suggested input parameters. 

Table 20. Optimal setting 

Response Goal Lower Target Upper Weight Importance 
Inlet circularity Maximum 0.584 0.904  1 1 

D(in)-mm Target 550.000 600.000 650.000 1 3 

Taper angle Minimum  0.880 5 1 1 
  

Table 21. Predicted result with optimal setting 
 

Solution P F D FPP 

Inlet 

circularity D(in)-mm Taper angle 

Composite 

Desirability 

1 631.820 20000 42.0181 11.6275 0.832329 600 2.39415 0.920975 

Table 22. validation test 

P F D FPP Inlet 

circularity 
D Hole taper 

angle 
600 20000 40 11.5 0.8 595 2.5 

   
 

Table 23. Optimization results 

Response Fit SE Fit 95% CI 95% PI 

Inlet circularity 0.8323 0.0109 (0.8094, 0.8552) (0.7717, 0.8929) 

D(in)-mm 600.0 17.3 (563.8, 636.2) (507.8, 692.2) 

Taper angle 2.39 1.10 (-0.20, 4.99) (-1.40, 6.19) 
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Figure. 20. Optimization graph 

 

9. Conclusions 

In this research, we used finite element analysis (FEA) with ABAQUS to model heat 

conduction during micro-second laser beam percussion micro-drilling (LBPMD). This 

allowed us to predict the dimensions and temperature distribution during the drilling process. 

Our study is unique because it incorporates material removal using a mesh moving technique 

and accurately models microsecond laser percussion drilling. The modeling implementation 

includes two subroutines: UMESHMOTION for progressive shape change (material removal) 

through heat conduction and DFLUX for generating heat. We conducted simulations using a 

1KW fiber laser with specific parameters for aerospace nickel-based superalloy Hastelloy X. 

Experimental tests were performed to validate the model, and the predicted hole dimensions 

aligned well with the experimental results. We then analyzed the effects of laser drilling 

parameters on the geometric features of the drilled holes. Regression equations were 

proposed to establish the relationship between input parameters and output responses. 

Finally, a multi-objective optimization was conducted to determine the optimal settings for 

achieving high-quality drilled holes. According to all experiments, the following results can 

be extracted: 
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• All input factors laser power, laser frequency, focal plane position and duty cycle 

affect entrance hole diameter significantly. An increase in these factors leads to a 

bigger entrance hole. 

• Increasing the laser frequency leads to significant reduction in heat conduction losses. 

This results in a greater accumulation of heat input transmitted to the material, leading 

to higher rates of ablation. It's important to note that the laser frequency has a 

considerable impact on the peak power of each pulse. If the repetition rate is too high, 

the peak power drops substantially after the first pulse, preventing successful drilling 

of the target material. On the other hand, a notable observation is that when two 

adjacent pulses are irradiated on the target for a specific duration, there is a 

collaborative effect that causes the melted material to solidify. As a result, blockages 

form in the drilled hole. 

• All the parameters, except laser power, have significant effects on the hole taper 

angle. A higher focal plane position can result in a larger outlet hole diameter, leading 

to a higher hole taper angle. The interaction between duty cycle (D) and laser 

frequency (F) is highly significant. A longer pulse duration results in a lower hole 

taper angle. This is because longer pulses provide greater laser fluence, improving the 

laser beam's ability to penetrate the workpiece and effectively remove material at the 

lower section of the hole, resulting in a larger hole exit diameter. 

• The laser power, laser frequency, and duty cycle affect the inlet circularity 

significantly. the increase in laser frequency and decrease in duty cycle results in a 

shorter pulse width and lower Feret ratio diameter, i.e., an elevation in the circularity 

of the hole. Pulse width which is considered as a combination of duty cycle and laser 

frequency parameters, has the remarkable main effect on the hole circularity, whereby 

using a shorter pulse duration would reduce the duration of melt ejection during each 

pulse. 

• Assessments indicate that recommended simulation model is more adequate than 

statistical model to predict inlet hole diameter of laser beam percussion micro drilled 

hole. 
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