
Prediction method of radial heat affected zone
width in nanosecond pulsed laser ablation of TC4
Xulin Wang 
Zhenyuan Jia 
Jianwei Ma  (  mjw2011@dlut.edu.cn )

Dalian University of Technology
Dongxu Han 
Xiaoqian Qi 
Chuanheng Gui 
Wei Liu 

Research Article

Keywords: Nanosecond pulsed, Micromachining, Heat-affected zone, Microgroove, TC4, Temperature
distribution

Posted Date: March 18th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1442005/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1442005/v1
mailto:mjw2011@dlut.edu.cn
https://doi.org/10.21203/rs.3.rs-1442005/v1
https://creativecommons.org/licenses/by/4.0/


1 

Prediction method of radial heat affected zone width in nanosecond 

pulsed laser ablation of TC4 

Xulin Wang1  Zhenyuan Jia1  Jianwei Ma1  Dongxu Han1  Xiaoqian Qi1  Chuanheng 

Gui1  Wei Liu1 

Abstract 

Nanosecond pulsed laser ablation (NPLA) is widely used in micromachining. However, during the 

machining process, the radial heat-affected zone (RHAZ) will deteriorate the machining quality and 

accuracy of the microgroove, which is the basic unit of the ridge surface used to reduce frictional 

resistance in spacecraft walls. Its effective prediction is crucial for the processing precision control of 

microgrooves to ensure the drag reduction performance of the ridge surface. For this reason, this paper 

proposes an effective method to predict the RHAZ width. TC4, commonly used in aerospace, is the 

target material in this work. By comprehensively considering the thermal accumulation effect of laser 

pulses and the superimposability of the temperature field, and based on the point heat source method, a 

dynamic temperature distribution model in NPLA is established. Then, the RHAZ width is initially 

predicted by combining the graphical method and the RHAZ definition. Finally, to improve the 

prediction accuracy of the RHAZ width. A correction factor is obtained by the NPLA of microgrooves 

on TC4. The relative error between the predicted RHAZ width and observed values is less than 7% 

after introducing the correction factor, which verifies the reliability and validity of the proposed 

prediction method for the RHAZ width. Furthermore, the RHAZ width in NPLA of TC4 is on the order 

of hundreds of microns, which should be considered to ensure its processing quality when the ridge 

surface is designed on TC4. The research method in this paper will guide the design of high-density 

functional patterns and their high-precision preparation and has significant engineering practical value. 

Keywords Nanosecond pulsed  Micromachining  Heat-affected zone  Microgroove  TC4  

Temperature distribution 

1 Introduction 

Nanosecond pulsed laser ablation (NPLA) has the advantages of high processing accuracy and 

environmental protection compared with traditional processing [1-3]. Meanwhile, compared with 

picosecond and femtosecond lasers, nanosecond lasers have a lower cost [4]. So, a nanosecond laser 

can achieve the efficient and low-cost manufacturing of the microgroove that is the basic unit of the 

ridge surface used to reduce frictional resistance in spacecraft walls [2, 5]. However, the commonly 

used material in aerospace is TC4 with low thermal conductivity [6]. The NPLA of TC4 will produce 

the apparent radial heat-affected zone (RHAZ), limiting the high-precision preparation of microgrooves 

[2]. Therefore, the effective prediction of the RHAZ width is crucial for the processing precision 

control of microgrooves to ensure the drag reduction performance of the ridge surface. 
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Simulation and optimized methods have predicted the RHAZ width in the laser processing. 

Valette et al. [7] developed a 2D temperature model and predicted the RHAZ width of nanosecond 

laser ablating aluminum. The predicted results are in reasonable agreement with experimental results. 

However, the presented model cannot strictly simulate experiments since it considers only a single 

pulse. Mishra et al. [8] developed an axisymmetric finite element (FE) model to determine the transient 

temperature distribution in the aluminum sheet, which is further used to determine the RHAZ width. 

Yang et al. [9] proposed a 3D transient FE model for moving Gaussian laser heat sources to predict the 

RHAZ width on TC4. Successively, many scholars developed 3D FE models for RHAZ width 

prediction [10-13]. Furthermore, the response surface method was used to establish the functional 

relationship between laser processing parameters and the RHAZ width. Based on the established 

functional relationship, the RHAZ width was predicted [14, 15]. In recent years, the research of 

intelligent algorithms has set off an upsurge in academia, such as genetic algorithms [16, 17], artificial 

neural networks [18], adaptive neuro-fuzzy techniques [19], extreme learning machines [20, 21], etc. 

They predicted the RHAZ width well in laser processing. 

The above research has contributed to predicting RHAZ width during laser processing. However, 

there are still problems such as low efficiency of simulation calculation, high experimental cost of 

optimization methods based on experimental data, and insufficient theoretical method for predicting the 

RHAZ width of NPLA. Therefore, the purpose of this paper is to propose an efficient and low-cost 

method for predicting the RHAZ width in NPLA of microgrooves on TC4, which will realize the 

high-precision manufacturing of the ridge surface to reduce frictional resistance in spacecraft walls. 

The innovation is based on the NPLA mechanism of metal and the point heat source method to derive 

the dynamic temperature distribution model on the target material. And the RHAZ width is predicted 

initially based on the temperature distribution chart and the RHAZ definition. By introducing a 

correction factor to reduce the prediction error caused by model simplification, the prediction accuracy 

of the RHAZ width is finally improved. 

2 Prediction method of RHAZ width in NPLA of microgroove on TC4 

In response to the existing problems of the RHAZ prediction study in Part 1, with the vital help of 

previous studies, this part proposes an effective method for predicting the RHAZ width in NPLA of 

microgrooves (as shown in Fig. 1). Specifically, since the NPLA of metals is highly complicated, some 

assumptions are first made to simplify calculations. Then, by solving the electric field distribution 

equation of the fundamental mode Gaussian beam, combining the relationship between the laser energy 

distribution and the electric field distribution, the laser energy distribution on the workpiece surface is 

obtained. And based on the energy conservation equation and the static instantaneous point heat source, 

the point heat source is further derived. Then, the deduced point heat source is integrated over the 

entire laser spot. The temperature rise at which the single-pulse laser acts on the workpiece surface 

under steady-state conditions is obtained. Next, the laser spot (circular heat source) is simplified as a 

point heat source. Combined with the dynamic instantaneous point heat source, the dynamic 

instantaneous point heat source under the action of a single pulse is obtained. After that, considering 

the thermal accumulation effect of laser pulses and the superimposability of the temperature field, the 

dynamic temperature distribution model of the multi-pulse laser is obtained. Finally, based on the 

graphical method and the RHAZ definition, the RHAZ width is effectively predicted by introducing a 

correction factor. The detailed solution process of the RHAZ width is as follows. 
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Fig. 1 Prediction methodology of the RHAZ width 

The thermal process for the NPLA of metals is very complicated. Some assumptions are as 

follows to simplify the calculation. 

 Since the laser spot size is much smaller than the workpiece size and the heat penetration distance 

is almost zero, the workpiece is regarded as a semi-infinite object. 

 The material is isotropic, and the physical properties are constant. 

 The effects of convection, radiation, sputter, and plasma are not considered. 

 Laser energy obeys Gaussian distribution. 

When the laser is incident on the workpiece surface, the electric field distribution of fundamental 

mode Gaussian beam propagating along the Z-axis can be expressed as [22] 
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Where a is a constant, w(z) is the radius of the laser spot, r is the distance between the coordinate point 

in the plane perpendicular to the Z-axis and the center of the spot. R(z) is the curve radius at the 

coordinate point Z along the beam propagation direction. f0 is the confocal parameter of the Gaussian 

beam. k=2π/A. A is the laser wavelength, and i is an imaginary unit. 

The energy distribution is proportional to the square of the amplitude for the electric field 

distribution [22]. Thus, according to Eq. (1), the energy distribution I(r) acting on the plane of the 

vertical propagation direction can be expressed as 
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Where b is a constant and w is the spot radius of the laser beam on the workpiece surface. 

Furthermore, the incident laser is reflected, absorbed, and transmitted on the workpiece surface, 

conforming to energy conservation. This process can be expressed as 

0 R T
I I I I                                                                      (3) 

Where I0 is the total energy incident on the workpiece surface, and IR is the energy reflected by the 

workpiece surface. Iα is the energy absorbed by the workpiece, and IT is the energy remaining by the 

laser through the material. 

Since the laser cannot pass through opaque materials, IT can be expressed as 
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When the laser power incident on the workpiece surface is P, according to Eq. (3) and Eq. (4), the 

energy conservation equation can be expressed as 

 (1 )
S

P R f I r dS                                                                (5) 

Where R is the reflectivity of material, f is the laser frequency, S is the surface area of the workpiece. 

According to Eq. (2) and Eq. (5), the energy distribution I(r) on the workpiece surface under the 

action of the single-pulse laser can be obtained by 
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Based on the point heat source method, the static instantaneous point heat source T(r, t) can be 

expressed as [23] 
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Where I0 is the energy density at the center of the spot, c, ρ, λ, α is the specific heat, density, thermal 

conductivity, thermal diffusivity of the material, respectively. t is the time. α=λ/(cρ). 

Combining Eq. (6) and Eq. (7), T(r, t) is derived as 
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Since the laser spot is a circular surface source [23], the temperature rise T0 at which the 

single-pulse laser acts on the workpiece surface under steady-state conditions can be obtained by 

solving the surface integral of Eq. (8) over the entire laser spot. 
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Solving Eq. (9) to get 
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In the following study, the laser spot is considered a point heat source to simplify the calculation. 

And NPLA is equivalent to a combination of a series of moving point heat sources [23]. It is assumed 

that the point heat source moves at the velocity v along X-axis, after the time t, the coordinate of the 

point heat source is (x´, y´) 

0

x vt

y
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Dynamic instantaneous point heat source can be expressed as [24] 
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Bringing Eq. (10) and Eq. (11) into Eq. (12), the dynamic instantaneous point heat source under 

the action of a single pulse is obtained by 
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There is a thermal accumulation effect between the laser pulses in NPLA [25]. According to the 

superimposability of the temperature field, the dynamic temperature distribution model of the 

multi-pulse laser is obtained by 
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Where H is the unit step function, n is the number of pulses, N is the total number of pulses required for 

the NPLA [26], Tr is the room temperature, 293.15 K. 

By solving Eq. (14), the temperature distribution on one side of the NPLA path at different times 

(such as t1, t2, t3, t4, t5) is obtained, as shown in Fig. 2. Fig. 2 shows that the temperature distribution 

curves at different times are part of the Gaussian curve. Tm is the melting temperature of the metal, and 

Ta is the temperature of thermal activation (Ta ≈ 0.4Tm) [7]. Moreover, it can be seen from the figure 

that the lateral coordinate y (the radial direction of the laser beam) can be expressed as the function of T 

and t. 

 ,y f T t                                                                   (15) 

Finally, according to the definition of the RHAZ width that is the distance between the two points 

corresponding to Tm and Ta [7], combing the Fig. 2 and Eq. (15), and a correction factor ξ (ξ is obtained 

by the experiment) is introduced to reduce the prediction error of RHAZ width caused by model 

simplification, the RHAZ width W can be expressed as 

 3,
a

W f T t w                                                                  (16) 

Where f (Ta,t3) is the key to solving W, in Fig. 2, by adjusting t so that the temperature distribution 

curve is tangent to the Tm horizontal line, the temperature distribution curve corresponding to t3 is 

obtained. The abscissa of the intersection of the above curve and the Ta horizontal line is f (Ta,t3). 

 

Fig. 2 Temperature distribution of NPLA at different times 

3 Experiment 

NPLA of microgrooves on TC4 is implemented to verify the validity and reliability of the method 

proposed in Part 2. The surface roughness of the polished TC4 is less than 0.3μm, which will not affect 
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the observation of laser processing morphology. The polished TC4 specimen is shown in Fig. 3. The 

thermophysical parameters of TC4 are shown in Table 1 [6]. 

 

Fig. 3 Polished TC4 specimen 

Table 1 Thermophysical parameters of TC4 

Parameter Symbol Unit Value 

Thermal conductivity λ W/(m·K) 37 

Specific heat c J/(kg·K) 850 

Density ρ kg/m3 3780 

Melting temperature Tm K 1923 

Vaporization temperature Tv K 3315 

Latent heat of evaporation Lv J/kg 9.83×106 

Reflectivity R 1 0.76 

Fig. 4 is the schematics of the NPLA setup used in experiments. The nanosecond laser beam is 

focused on the TC4 surface through a focusing lens, and its parameters are shown in Table 2. Then, the 

NPLA of microgrooves is realized by the movement of the workbench. Table 3 shows the NPLA 

parameters of microgrooves on the TC4 surface. The parameters in the table are determined based on 

our previous single-factor experiments (the power and velocity are the key parameters that affect the 

RHAZ [9, 10, 13, 15, 19]). 20kHz makes the RHAZ significant while ensuring the generation of 

microgrooves better to verify the validity of the RHAZ prediction method. Finally, an optical 

microscope can measure the RHAZ on one side of the microgroove. The experimental RHAZ width W´ 
can be expressed as 

2 1

2

W W
W

                                                                      (17) 

Where W1 is the experimental value of the microgroove width, W2 is the distance between the outer 

boundaries of the RHAZ. 
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Fig. 4 Schematics of the NPLA setup used in experiments. (a) NPLA setup. (b) NPLA of microgrooves on TC4 

Surface 

Table 2 Nanosecond laser parameters 

Parameter Symbol Unit Value 

Wavelength A nm 532 

Pulse width τ ns 15 

Spot radius w μm 20 

Table 3 Laser processing parameters 

Parameter Symbol Unit Values 

Power P W 2.1, 3.1, 4.2, 5.7, 6.8 

Frequency f kHz 20 

Velocity v m/min 3, 3.5, 4, 4.5, 5 

4 Experimental verification 

4.1 Determination of correction factor 

In this part, the correction factor of Part 2 is obtained experimentally to improve the prediction 

accuracy of the RHAZ. Fig. 5 shows the measurement of W1 and W2 under different power (processing 

parameters: 2.1W, 3.1W, 4.2W, 5.7W, 6.8W, 3m/min, 20kHz). Based on the first three sets of data in 

the figure and Eq. 17, Table 4 is calculated. We take the average of the ratios of the uncorrected W to 

the observed W´ as the correction factor. 
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Fig. 5 Measurement of W1 and W2 under different power. Processing parameters: 2.1W, 3.1W, 4.2W, 5.7W, 6.8W, 

3m/min, 20kHz 

Table 4 Determination of correction factor 

P (W) f (kHz) v (m/min) Uncorrected W (μm) W´ (μm) W/W´ ξ 

2.1 20 3 404.57 124.553 3.25 

(3.25+3.13+3.15)/3=3.18 3.1 20 3 560.849 178.98 3.13 

4.2 20 3 696.759 220.846 3.15 

4.2 Verification of RHAZ width predicted method 

After introducing the correction factor, the RHAZ width is re-solved. The experimental observation 

and prediction results are shown in Fig. 6, Fig. 7, and Fig. 8. 

Fig. 6 is the effect of power on the RHAZ width (processing parameters: 2.1W, 3.1W, 4.2W, 

5.7W, 6.8W, 3m/min, 20kHz). It can be seen from the figure that both predicted and experimental 

values of RHAZ width increase with power. The above rule is related to the fact that the laser energy 

absorbed by the target increases with the increase of power, and then the thermal diffusion distance 

increases [27]. Furthermore, the relative error between predicted and observed values is less than 4%. 

Fig. 7 is the measurement of W1 and W2 under different velocity (processing parameters: 3m/min, 

3.5m/min, 4m/min, 4.5m/min, 5m/min, 6.8W, 20kHz). From the data in Fig. 7, the effect of velocity on 

the RHAZ width in Fig. 8 is obtained. Fig. 8 shows that both predicted and experimental values of the 

RHAZ width decrease with increasing speed. It is related to the fact that the spot overlap coefficient 

decreases with the speed increase, decreasing laser energy absorbed by the target, which weakens the 

thermal diffusion [27]. In addition, the relative error between predicted and observed values is less than 

7%. Therefore, the above results verify the validity and reliability of the RHAZ width prediction 

method proposed in this paper. Further, according to Fig. 6 and Fig.8, low power and high speed are 

beneficial to shrink the RHAZ, and the RHAZ width ranges from 125μm to 300μm within the 
processing parameters studied in this paper. It will guide the design of the groove spacing of the ridge 

surface on TC4 in the NPLA to ensure its machining accuracy. 
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Fig. 6 Effect of power on the RHAZ width. Processing parameters: 2.1W, 3.1W, 4.2W, 5.7W, 6.8W, 3m/min, 

20kHz 

 

Fig. 7 Measurement of W1 and W2 under different velocity. Processing parameters: 3m/min, 3.5m/min, 4m/min, 

4.5m/min, 5m/min, 6.8W, 20kHz 
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Fig. 8 Effect of velocity on the RHAZ width. Processing parameters: 3m/min, 3.5m/min, 4m/min, 4.5m/min, 

5m/min, 6.8W, 20kHz 

5 Conclusions 

In our research, an efficient and low-cost method for predicting the RHAZ width in NPLA of 

microgrooves on TC4 is proposed and verified by experiments. During our research process, some 

conclusions are as follows: 

(1) The relative error between the predicted RHAZ width and the experimental value is less than 

7%, which verifies the effectiveness and reliability of the proposed method. Furthermore, the 

low power and high speed are beneficial to shrink the RHAZ. 

(2) Within the parameters studied, the RHAZ width in NPLA of TC4 is on the order of hundreds 

of microns. 

(3) The proposed method will guide the design of high-density functional patterns and their 

high-precision preparation and has significant engineering practical value. 
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