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 Laser percussion drilling is a micromachining process for generating a microhole with a 
diameter of less than 500 µm. The laser beam heated the material to the vaporization 
temperature, after which a hole was formed. Laser percussion drilling is increasingly used in 
micromachining. Monitoring the laser drilling process is crucial for improving the quality of 
drilling. Among the many methods for monitoring laser drilling, such as optics, sound, and 
vibration, the method of detecting laser-induced plasma with an external electric field has the 
advantages of being real time, inexpensive, and free from environmental interference. Therefore, 
in this study, we used a pair of copper electrode plates to generate a strong electric field around 
the drilling site to apply a voltage of hundreds of volts. The laser-induced plasma interferes with 
the electric field and generates electrical signals, which are then measured using an RC circuit. 
From this measured electrical signal, a waveform was observed for each laser shot. In this study, 
seven different laser energies were used to test the detected plasma signals and to measure the 
depth and diameter of each drill hole. We also compared the differences in the detected plasma 
signals when drilling two different materials (stainless steel SUS 304 and a CoCrMo alloy). The 
curve fitting method was used to derive a mathematical model of the plasma signal vs the 
number of laser shots of two different materials. Because the thermal conductivity and ablation 
rate of different materials are different, the coefficients of the curve-fitting results are also 
different. The experiments and mathematical models in this study are helpful for understanding 
the responses of different materials to laser drilling.

1. Introduction

 Microscale laser processing technology is widely employed and is suitable for a variety of 
materials, including super hard materials and medical device microstructures.(1–4) It is also 
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utilized for laser cleaning and piercing,(5,6) with micro-drilling being the predominant application 
(with diameters less than 0.1 mm). If a mechanical drill is employed, significant tool wear and 
drilling-chip removal are inevitable. Therefore, noncontact laser percussion drilling can 
overcome these challenges. However, there are numerous laser control parameters (such as 
current, frequency, pulse width, power, focal length, and auxiliary gas), and the interaction 
relationship with the material to be treated is complex. As a result, several monitoring methods 
have been employed to monitor laser processing to determine suitable processing parameters. At 
present, in industrial applications, monitoring can be carried out in several ways, such as by 
exploring the state of laser drilling through sound signals and using the collection of 
photoacoustic signals of the circuit board when the laser stably removes materials.(7) The sound 
signal also varied when the laser processing energy was altered. These phenomena were 
compared with the volume of material removed following laser ablation.(8) The sound signal 
monitoring method can quickly determine the processing state of hard materials, but it can easily 
fail to receive signals for soft or sound-absorbing materials. Light can also be used as a signal 
collection item.(9) In early circuit board drilling, materials with different characteristics were 
used to generate high-intensity reflected light when the laser hit a copper foil. This reflected 
light is fed back to the light sensor to measure the light intensity and determine where the laser 
drilling focus position is. In addition, by analyzing the strong light generated during laser 
processing, the entrance or bottom size of the lower hole can be determined, which can be used 
for continuous laser drilling to record the geometry of the hole after each laser shot.(10) High-
speed charge-coupled device (CCD) cameras are used to monitor module laser processing and to 
determine the depth of the hole by calculating the pixels of the image captured by cameras.(11) In 
another paper, a new sensing technique is described in which during laser keyhole welding, an 
electrically separated welding nozzle acts as a passive electric probe to measure the charge 
potential in the area between the nozzle and the workpiece.(12) However, this type of technique 
has a lower efficiency than that with an applied electric field. The study of electric fields for 
monitoring laser-induced plasmas has also been reported.(13) It has been determined that the 
recitation of laser-induced plasma with a high-voltage discharge can increase the signal intensity, 
thereby increasing the signal-to-noise ratio and reducing the detection limit of laser-induced 
plasma.(14) Nassef and Ali(15) discovered that the signal intensity enhancement factor increased 
as the spark discharge voltage increased in spark-discharge-assisted laser-induced breakdown 
spectroscopy (LIBS) and conventional LIBS. Furthermore, in both spark-discharge-assisted 
LIBS and conventional LIBS, the plasma temperature remained constant. The effect of a static 
electric field on laser-induced plasma revealed an increase in signal intensity and a small 
decrease in electron number density while the plasma temperature remained constant.(16) As 
shown in Ref. 17, a low-voltage and high-current arc discharge technique combined with LIBS 
resulted in increased plasma plume persistence as well as signal intensity enhancement. As 
described in Ref. 18, in the presence of an external electric field, the plasma parameters 
remained constant for a few microseconds after plasma generation, which can be used by LIBS 
for a more accurate quantitative analysis of any material. In the presence of an external electric 
field, fluctuations in the laser-induced plasma were observed, which increased the plasma decay 
time and, as a result, the signal intensity. By increasing the average grain size number, a 
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transverse E-field with and without side airflow effectively refined the grains of the heat-
affected zone (HAZ) near the fusion zone of a through hole.(19) Ren et al.(20) reported that 
according to the theoretical and experimental results of drilling titanium sheets with ANSYS 
parametric design language (APDL) and ANSYS software’s life and death technology, depth and 
diameter could be increased by increasing the number of laser pulses and laser energy with some 
defects. In our previous work,(21,22) the laser drilling of stainless steel was monitored using a pair 
of flat or interdigitated electrodes supplied at hundreds of volts. The laser-induced plasma 
intensity was measured using the electrodes.
 Hard stainless steel (SUS 304) is not suitable for mechanical microdrilling; therefore, laser 
percussion drilling is mostly used. In addition to SUS 304, cobalt-chromium-molybdenum alloys 
(CoCrMo alloys) were tested in the experiment. CoCrMo alloys are widely used in medical 
implant devices, such as knee implant materials. CoCrMo alloys are particularly suitable for 
alloys with high hardness, high polish, and extremely wear-resistant materials. In this study, 
laser percussion drilling and monitoring were conducted for these two materials.

2. Experimental Setup

 In this study, a pulsed fiber laser (YLPN-2-20×500-200) with a pulse energy range of 0.5–2 
mJ, a wavelength of 1064 nm, a repetition frequency of 40 kHz, and a pulse width of 250 ns was 
used to generate laser pulses. The method for detecting laser-induced plasma generated during  
laser microdrilling used a pair of copper electrode plates to monitor the plasma. A voltage of 
hundreds of volts was applied to the electrode plates to establish a stable high-voltage electric 
field between them. The charged ions in the laser-induced plasma passed through the electric 
field between the electrode plates to generate an electric current. Finally, a detection circuit was 
used to capture and convert the current signal into a voltage signal. The strength of the plasma 
could be observed using this voltage signal. Figure 1 shows the schematic of the experimental 
setup. When the laser beam hits the stainless steel material, the material instantly ionizes owing 
to high-energy density ablation, causing plasma ions to splash upward. When these plasma ions 
fly past the electrode plates with an electric field, the positive ions will be attracted to the 
negative electrode plate, and the negatively charged ions will fly towards the positive electrode 
plate. Therefore, a current is generated in the detection circuit, and this current passes through a 
resistor to generate a voltage, which is the detected plasma signal.
 SUS 304 stainless steel workpieces with dimensions of 30 × 30 × 2 mm3 and or CoCrMo 
alloy workpieces with a diameter of 30 mm and a thickness of 2 mm were processed. The 
material properties are listed in Table 1. The surface roughness of the materials was measured to 
be Ra 0.07 nm. Before laser processing, the workpieces were cleaned using an ultrasonic 
cleaning machine with acetone, ethanol, and distilled water for 20 min each.
 Seven different laser pulse energies (0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 mJ) and three different 
external voltages (350, 400, and 450 V) for electrode plates were employed as experimental 
parameters. A laser power meter was used to measure the output energy of the laser machine to 
ensure the accuracy of the laser energy. Electrode plates with dimensions of 35 × 5 × 1 mm3 
were positioned on both sides of the laser-drilling hole separated by a distance of 2 mm, as 
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shown in the upper right of Fig. 1. The two electrodes were utilized to detect laser-induced 
plasma during the laser microdrilling of the materials.
 The experiments for each set of processing parameters were repeated thrice to ensure data 
stability. Each set of parameters was processed using 40 laser shots. To ensure consistent 
positioning between the electrodes, an additional workpiece support device was fixed to the 
laser machine table. This setting fixed the position of the workpiece on the laser machine table, 
ensuring that each laser shot occurred at the same location. During the laser experiment, the 
height of the laser z-axis remained unchanged. For the consistency of the experiment, it must be 
checked before each experiment whether the laser beam hits the middle of the two electrode 
plates.

3. Experimental Results and Discussion

3.1 Detected laser-induced plasma

 Figure 2 shows the laser-induced plasma detected on an oscilloscope when SUS 304 and 
CoCrMo alloy materials were drilled by 40 laser shots using 2 mJ energy and 450 V electrode 
plates. The recorded signal showed 40 peaks, representing 40 laser pulses. The first few shots of 

Fig. 1. (Color online) Schematic of experimental setup of real-time plasma detection for laser micro-drilling.

Table 1
Material properties of SS304 and CoCrMo.
Properties SUS 304 CoCrMo alloy
Density (g/cm3) 8 8.55
Thermal expansion (µm/m-K) 17.3 11.2
Thermal conductivity (W/m-K) 16.2 6.5
Electrical resistivity (Ohm-cm) 7.20 × 10−5 9.86 × 10−5

Melting point (℃) 1455 1440
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the laser cause the material to rapidly heat up, resulting in more ablation and more plasma being 
generated; thus, the detected pulse increases rapidly.  However, as the depth of the hole 
increased, the plasma ions fly farther to the electrode plates. The longer flight distance means 
that more positive and negative ions neutralize each other, resulting in less plasma signal 
detection. In addition, the plasma of a deeper hole flies at a straighter angle when ejected from 
the hole bottom, so the plasma signal that can be detected is weaker. Compared with shallower 
holes in the early stages of drilling, the plasma generated can splash laterally, so stronger signals 
can be detected. Notably, it can be observed that SS304 has a maximum peak at the 5th shot of 
the laser with a steeper rising slope compared with the CoCrMo alloy at the 9th shot, owing to 
the higher thermal conductivity of SUS 304.

3.2 Measurement of hole diameter and depth

 The diameter and depth measurements were conducted separately. The depth was measured 
using a white-light interferometer (WIM-1510MS) for shallow holes with depths of less than 25 
μm, as depicted in Fig. 3. However, owing to the scanning range limitations of the white-light 
interferometer, a tool microscope (OLYMPUS U-PMTVC) was utilized to measure depths 
greater than 25 μm. This depth measurement was achieved by enlarging the holes using a 
microscope and focusing on the bottom of the hole from the surface of the workpiece. The 
current depth of the hole was then measured using a numerical reading meter. To confirm the 
efficiency of the depth measured using a numerical reading meter in an optical microscope, we 
cut the hole into half, as shown in Fig. 4. It was found that the error percentage of the depth 
measured from the profile and depth measurements with the optical microscope was small.
 On the other hand, the diameter measurements used Mosaic V 2.1 software to draw a three-
point circle to estimate the hole diameter. The locations of these three points must be selected at 
the junction of the circumference of the crater and the slag in the holes.

3.3	 Comparisons	of	hole	diameters	and	depths	of	different	laser	energies

 Figures 5 and 6 show the drilling depth and diameter, respectively, for both materials. The 
hole depth increases almost linearly with the number of laser shots. The higher the laser energy, 

Fig. 2. (Color online) Captured plasma signals: (a) SUS 304 and (b) CoCrMo.
(a) (b)
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Fig. 3. (Color online) Depth and diameter measurement in white-light interferometer (5 shots).

Fig. 4. (Color online) Cross section of a drilling hole.

Fig. 5. (Color online) Comparison of depths of two materials.

Fig. 6. (Color online) Comparison of diameters of two materials.
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the higher the slope of the hole depth. On the other hand, the diameter stops increasing once it reaches a 
certain width. Additionally, SUS 304 has greater depth and diameter than the CoCrMo alloy.

3.4	 Comparison	 of	 detected	 plasma	 signals	 of	 different	 electrode	 voltages	 and	 laser	
energies

 The plasma signals captured by the oscilloscope are stored as CSV data files, and then the 
peak value of each pulse is found using the MATLAB program. Therefore, the peak value of 
each pulse in Fig. 2 is expected to appear at each point in Fig. 7. In the figure, the detected 
plasma signals of seven different laser energies (0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 mJ) of the 
electrode at 450 V are compared. It can be observed that the stronger the laser energy, the more 
material is ablated, thus creating more plasma.
 Figure 8 shows a comparison between three different electrode voltages (350, 400, and 450 
V) for a laser pulse energy of 2 mJ. It can be observed that higher electrode voltages result in 
higher detection peaks owing to the presence of a strong electric field between the electrodes. 
 During laser drilling, SUS 304 stainless steel melts more easily than the CoCrMo alloy 
because of its higher electrical and thermal conductivities. Therefore, laser processing produces 
a larger plasma plume for SUS 304 than for the CoCrMo alloy, making laser ablation easier and 
signal peak appearance earlier, as shown in Fig. 9. The lower electrical and thermal conductivities 
of the CoCrMo alloy resulted in lower signal detection and lower depth and diameter 
measurements. 

Fig. 7. (Color online) Comparison of detected plasma signals of different laser energies for both materials. 

Fig. 8. (Color online) Comparison of detected plasma signals of different electrode voltages for both materials.
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3.5	 Curve	fitting

 The relationship between the detected plasma signal and the number of laser shots was 
evaluated through curve fitting using the MATLAB numerical analysis software. The formula 
used for this analysis is(23)

 ( ) bxf x axe c−= + . (1)

The a, b, and c values are correlated to the detected peaks of the plasma signal, where “a” relates 
to the rising speed of the curve, “b” is the decaying speed of the curve, “c” determines the last 
peak value, “x” is the number of laser shots, and f(x) is the detected plasma signal of the xth laser 
shot.  The curve fitting of the 450 V electrode voltage and 2 mJ of laser energy for both materials 
is shown in Fig. 10.
 Curve fitting was conducted for all combinations of the three electrode voltages (350, 400, 
450 V) and seven laser energies, as shown in Table 2. The R2 values in all fitting results were 
above 0.95, which shows that the degree of fitting was high.
 From the data in Fig. 11, it is evident that SUS 304 consistently exhibits a larger “a” value 
than the CoCrMo alloy in all experiments. This difference can be attributed to the higher 
maximum detection peak observed for SUS 304. Therefore, we believe that a larger “a” value 
indicates a higher material removal rate for SUS 304. Notably, SUS 304 has a higher thermal 
conductivity than the CoCrMo alloy.
 Figure 12 shows that the CoCrMo alloy exhibits larger “b” values for the 0.5 mJ laser pulse 
energy. However, at higher pulse energies, the “b” value of SUS 304 was higher. Furthermore, 
SUS 304 consistently achieved deeper holes than the CoCrMo alloy under the same parameters. 
This can be attributed to the longer plasma-to-electrode distance of SUS 304. Therefore, 
recombinations and reactions are more likely to occur during plasma-ion flight, causing the 
signal to decay faster.
 As shown in Fig. 13, the coefficient “c” is related to the detection signal limit. The higher the 
“c” value, the stronger the ability to detect more laser shots of plasma. This coefficient was not 
affected by the material properties, as evidenced by the absence of any clear trend in the figure. 
However, after examining the error bars, it is clear that “c” increases with the laser pulse energy.

Fig. 9. (Color online) Comparison of detected plasma signals of both materials.
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Fig. 10. (Color online) Curve fitting of both materials.

Fig. 11. (Color online) Comparison of coefficient “a” values.

Table 2
Comparison of curve fitting coefficients of SUS 304 and CoCrMo alloy.
Voltage 
(V)

Laser energy 
(mJ)

a
SUS

a
CoCrMo

b
SUS

b
CoCrMo

c
SUS

c
CoCrMo

R2

SUS
R2

CoCrMo

350

0.5 0.1207 0.1188 0.1328 0.1611 −0.01638 0.05038 0.9634 0.9574
0.75 0.3712 0.2766 0.1502 0.1456 0.01362 0.1061 0.9534 0.9668
1 0.7256 0.5885 0.1733 0.1632 0.196 0.2113 0.9361 0.9752
1.25 1.135 0.9353 0.1691 0.1516 0.4614 0.492 0.9449 0.9672
1.5 1.774 1.243 0.1584 0.1544 0.1303 0.5422 0.9717 0.9704
1.75 2.697 1.569 0.1701 0.1412 0.9993 0.4325 0.9902 0.9638
2 2.708 2.145 0.1578 0.1416 0.5974 0.5347 0.9713 0.9643

400

0.5 0.1301 0.1198 0.1218 0.1606 −0.04203 0.05495 0.9537 0.956
0.75 0.3891 0.298 0.1536 0.1436 0.02009 0.1058 0.9544 0.9794
1 0.7618 0.6353 0.164 0.1553 0.1621 0.1915 0.9115 0.9798
1.25 1.906 1.186 0.1922 0.1616 0.17236 0.5383 0.9674 0.9685
1.5 2.017 1.554 0.1603 0.1551 0.1865 0.5148 0.9789 0.9715
1.75 3.062 2.302 0.1773 0.1472 1.153 0.1896 0.9852 0.9567
2 3.169 2.606 0.1734 0.1388 0.835 0.2377 0.9291 0.9531

450

0.5 0.1735 0.1349 0.1425 0.155 −0.01276 0.04818 0.9621 0.9649
0.75 0.3995 0.3041 0.1521 0.1348 0.115 0.08815 0.9409 0.98
1 0.9888 0.7694 0.1708 0.1556 0.1923 0.1817 0.959 0.9718
1.25 1.963 1.46 0.1616 0.1614 0.2073 0.6474 0.9876 0.9783
1.5 2.449 1.854 0.1734 0.1712 0.2016 0.7659 0.9585 0.976
1.75 3.274 2.514 0.1588 0.1592 0.7933 0.6141 0.9651 0.9557
2 4.306 3.445 0.1817 0.1502 1.032 0.3715 0.9531 0.9644
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4. Conclusion

 Compared with SUS 304, the CoCrMo alloy has a higher melting point and is more resistant 
to ablation. In the experiment with the CoCrMo alloy, the detected plasma signal induced by 
each laser shot increased more slowly, and more laser shots were required to rise to the highest 
value. Because of its lower thermal conductivity, laser processing produces smaller plasma 
plumes. The characteristic differences in the laser ablation process of these two materials can be 
observed in Figs. 2 and 9. From the curve fitting, the coefficient “c” has no significant 
relationship with the two materials. The coefficients “a” and “b” are related to material 
properties and can be used to distinguish different materials with different properties. 
Furthermore, they can be used to determine the relationship between the hole depth, diameter, 
and detected plasma signal. The laser microdrilling monitoring technique for different materials 
can be developed.
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