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Abstract. Temperature field analysis of laser micro-drilling is a nonlinear transient thermal
conduction problem with phase changing. In this paper, first the temperature field is simulated with
ANSYS finite element analysis software, thus obtaining a three-dimensional temperature field
distribution. By analyzing the temperature values of the laser irradiated surfaces, with holes having
different diameters, depths and directions, we obtained the law that the temperature varying with
time. Finally the temperature variation rate is calculated with the above information. To verify the
above simulation and analysis result, laser micro-drilling experiments are conducted. In the tests,
the holes’ diameter and depth are measured, and their relationship with the measurement laser pulse
number is analyzed. Test result shows that the simulation result is correct, thus providing a
theoretical evidence for enhancing the dimensional accuracy and surface quality of laser
micro-drilling.

Introduction

With the rapid development of precision and ultra-precision machining technology, laser micro-
processing technology is attracting greater attention from research''!. Laser microprocessing at a
size of 1pum ~ I'mm parts can be used for drilling, cutting or even three-dimensional machining.
Domestic and international researches have conducted the research on the temperature field
variation of laser welding, cladding, cutting, and other processing technology, however, there exists
less work on the research of the temperature field of micro hole processing”™. To do this research,
a difficult thermal conduction differential equation needs to be solved first. In this paper, ANSYS
software 1s used for this purpose because it can be used to simulate the temperature field of laser
micro-drilling process, to explore the variation of temperature field, and to study the micro hole
formation mechanism.

Mathematical M odel of Laser Micro-Drilling

In our experiment, laser beam with approximately Gaussian distribution is used. To simplify the
heat transferring analysis for laser processing, the following conditions are assumed™:

(1) Materials thermal parameters (coefficient of convective heat transfer h and coefficient of
thermal diffusion a, etc.) do not vary with temperature.

(2) Melting issue during drilling the material is ignored. Only the gasification issue of the
material is considered.

Thus the heat balance equation of two-dimensional nonlinear transient heat transfer in the laser
process is established as!®!:
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where, ' is the density, Cis heat capacity, and | is the thermal conductivity.
Suppose T is environmental temperature, and T ( x, y, 0 ) = Ty, where Ty is 25°C environmental

temperature, thus the boundary conditions are :
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(1) Phase change boundary
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where | is thermal conductivity, A is material absorption coefficient, Lq is latent heat of
I 0
vaporization, V, is the moving velocity of phase change interface, and Vi = , where Tq
r r ‘Lq +al, j

1s vaporization temperature. Using Hagen-Rubens formula can calculate the material absorption
coefficient A as :

A(T)pg =354.67a+bT
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where a, b are material parameters.
(2) Workpiece periphery boundary
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where ﬂ_ is the rate of temperature change along the workpiece exterior normal, h is coefficient of
n

convective heat transferring, k is emission coefficient of the workpiece surface, n is blackbody
radiation constant.

Temperature Field Simulation of Laser Micro-Drilling

SUS301 stainless steel is used as workpiece material, which has a higher fatigue resistance strength
than the ordinary steel, as well as higher temperature strength and corrosion resistance. Its thermal
physical properties are shown in Table 1.

Table 1 SUS301 thermal physical properties
Temperature
[C]
Heat transfer
coefficient 14 334 | 329 | 28.2 | 30
[W/(m-"C)]
Density
[kg/m’!

25 | 1397 | 1430 | 1464 | 1800

7930 | 7100 | 7000 | 6800 | 6400

The simulation model selects the cylinder model with a radius of 1mm with 0.1mm thickness;
the interior of the workpiece transfers heat using conduction, and the surface has convection. The
setting environment temperature is 25 °C.

To simplify the calculation process, the spike pulses are simplified as rectangular pulses, as
shown in Fig. 1. Pulse width t; is 0.4ms, setting a pulse load with power density g, in the range t;,
the time t;-t, where no pulse load. The time t, corresponds to a complete pulse cycle.

1513



0l o 2 t
Fig. 1. Pulsed laser energy load varies with time

Simulation resultsand analysis

The results from using ANSYS software to simulate SUS301 material laser micro drilling is shown
in Fig. 2.

Fig. 2. Laser micro drilling model
In order to show the temperature variation in depth of the micropore in the hole depth direction
more clearly, the model is cut into quarters. The observed change in temperature in the hole depth
direction is shown in Fig. 3.
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Fig. 3. Laser micro drilling model in the hole depth direction
The model is loaded by the post-processing module of ANSYS software, and then the obtained
results are imported into the processor. When the pulse energy is 75.4mJ, the irradiation surface and
temperature field distribution of the single pulse laser micro drilling in the hole depth direction are
shown in Fig. 4 and Fig. 5.
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Fig. 4. Tempe;é;ure ﬁeld distribution of laser beam spot
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Fig. 5. Temperature field distribution in the hole depth direction

In Fig. 4, the software calculates that from 0.1 ~ 0.3ms the material central temperature is up to
3013 °C. With the increase of the spot radius r, the temperature decreases. When the temperature
decreases from 3013 °C (r =Oum) to 1353 °C, the spot radius r =60um. Fig. 5 shows that the energy
is gradually transferred to the interior of the workpiece. With the increase in depth, the temperature
is gradually reduced and the rate of decrease on the surface is faster than the surface irradiated by
the laser spot. When the temperature was lowered from 3013 °“C to 1353 °C, the depth is 30um. Due
to the melting point of steel being 1371 ~ 1398 °C, if without considering other factors, this pulse
laser can process a micropore with the diameter 120pum and 30um depth. Because the laser energy
in space follows a Gaussian distribution, the major part of the energy is usually concentrated near
the center of the spot and the maximum intensity of the light field outside the central area is not
more than 2% of the maximum intensity of the entire light field. Therefore, the rate of the
temperature decline outside the central region is linear, as shown in Fig. 6.
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Fig. 6. The irradiated surface and hole depth direction temperature change rate curve at different
position
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Single pulse and multi-pulse tests and analysis

The experiments use JHM-1GY-120 type precise laser machine with a wavelength of 1.06um, pulse
width of 0.4ms, and pulse energy of 75.4mlJ. The single pulse and multi-pulse micro drilling
experiments are conducted using SUS301 stainless steel as processing materials. The diameter and
the hole depth are measured with a digital microscope as shown in Fig. 7.

Fig. 7. Three dimensional micro hole structure using digital microscope
The curves of the diameter and hole depth variation with the number of pulses is obtained using
the Origin software, which analyzes simulation and measurement results, as shown in Figs. 8 and 9.
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Fig. 8. Curves of hole depth variation with the number of pulses
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Fig. 9. Curves of the hole diameter variation with the number of pulses
Though the trends of the simulation value and the measured value of the hole diameter are the
same, the calculated values are greater than the measured ones. Especially in the third pulse, the
differences between the simulated and measured values are gradually increasing. This is because in
this stage, as the hole depth increases, the incident angle of the laser is reduced. As a result, the
laser in the hole wall leaves energy internally reflected to make the aggregation move down, so
little changes are measured in diameter values as shown in Fig. 101",
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Fig. 10. Diagram of lights reaching the hole wall”!
The comparison shows that the simulation accuracy is higher, which can provide the basis for
process parameter selection of laser micro drilling.

Conclusions

From the research of temperature field simulation of the laser micro-drilling process, we reach the
following conclusions:

(1) It establishes a thermodynamic mathematical model of the laser micro drilling. Through
studying the temperature field distribution simulation of the surface irradiated by the laser and hole
depth direction, the results show that the spot center temperature reaches 3013 °C within 0.4ms,
which is much higher than the melting point and boiling point of stainless steel.

(2) The rate of temperature change on the laser irradiation surface and the hole depth direction
increases with the radius and the depth, with the maximum difference being up to 105 °C / s. This
causes the large dimension differences between the hole size and the depth, forming conical shape
holes. Therefore, machining the straight wall micro holes requires multi-pulse processing.

(3) The laser micro-drilling experiment analyzes the relationships of hole depth, hole size and
number of pulses and verifies the accuracy of the simulation method. This can provide the
theoretical basis for improving the machining accuracy, productivity and surface quality of laser
micro drilling.
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