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Abstract This paper reports theoretical and experimental
methods for drilling alumina ceramic substrates by using a
nanosecond-pulsed ultraviolet laser. A physical model was
established using ANSYS parameter design language finite
element software. The influence of laser parameters, such as
laser fluence, number of pulses and its duration, and frequen-
cy, on morphology—depth, diameter, taper, and temperature
distribution—was investigated using three-dimensional con-
focal laser scanning microscopy. Simulation and experimental
results reveal that higher laser fluence and number of pulses
produces larger drilling depths and diameters. Laser fluence,
pulse duration, frequency, and pulse number of 5.10 J/cm?,
1000 ps, 20 kHz, and >9, respectively, can successfully drill
through the alumina ceramic substrate. Pulse duration be-
tween 3 and 8 ms yielded the smallest hole taper.

Keywords Al,O; ceramic - Nanosecond-pulsed ultraviolet
laser - Temperature distribution

1 Introduction

Advances in ceramic technology have led to its application in
various fields, such as automotive, telecommunication, power
electronics, and sensor systems. They exhibit desirable
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characteristics, such as strong insulation, high thermal effi-
ciency, low warping and thermal expansion coefficients, low
material cost, and ease of manufacturing. Most high-
efficiency LED products use ceramic materials as thermal
slugs.

Several nontraditional fabrication methods, such as chem-
ical wet etching, electrical discharge machining, electrochem-
ical machining, electrochemical drilling, and jet electrolytic
drilling [1], have been explored for fabricating compact and
multifunctional ceramic devices, and laser machining is in-
creasingly being used. The interaction between the ceramic
material and the laser energy melts or vaporizes the ceramic
material surface, which removes material; temperature distri-
bution is therefore crucial in this process. Appropriate param-
eters produce the optimal pore diameter and reduce fabrication
costs. Theoretical and experimental studies have explored the
influence of laser machining parameters on ceramic morphol-
ogy; appropriate parameters produce the optimal pore diame-
ter and reduce fabrication costs. Bandyopadhyay et al. [2]
presented a 400-W Nd:YAG laser drilling mechanism for 4-
and 8-mm-thick Ti-6A1-4V alloys for aerospace applications
and analyzed the parameters influencing laser drilling; their
experimental results revealed that pulse repetition frequency
and laser energy were the most influential. Hanon et al. [3]
used ANSYS finite element analysis to simulate temperature
distribution in laser alumina ceramic plates. They studied the
effect of laser peak power and pulse duration on drilling. Yang
et al. [4] studied YAG laser cutting for multiple glass layers
and showed that if the upper glass layer temperature is greater
than that of the lower layer, the upper layer cutting quality is
poor. Samant et al. [5] used the Taguchi method to determine
the optimal Nd:YAG laser parameters, including pulse width,
pulse frequency, and the scanning speed for treating the alu-
mina ceramic surface. Samant et al. [6] investigated laser ma-
chining of ceramic materials and demonstrated that lasers are
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highly efficient in processing ceramic materials and do not
entail tool wear and workpiece clamping difficulties.
Bharatish et al. [7] used the Taguchi method and gray rela-
tional analysis to determine the optimal CO, nanosecond laser
drilling parameters for alumina ceramic materials and identi-
fied frequency, power, scanning speed, and diameter as the
influencing parameters. Studies have shown that pulse fre-
quency has the strongest effect on the taper and diameter of
drill holes. Ren et al. [8] reported the theoretical and experi-
mental results of drilling titanium sheets by using a
nanosecond-pulsed Nd:YAG laser; the numerically simulated
values were smaller than the experimental values, possibly
because the defocusing, plasma, and melting phenomena af-
fect laser drilling, and these behaviors are difficult to simulate.
Shukla and Lawrence [9] proposed a fiber and CO, laser sur-
face treatment of Si;N, engineering ceramics and showed that
laser surface treatment using near-infrared (NIR) fiber lasing
is more effective for Si;N, engineering ceramics. Ganguly
et al. [10] used the Taguchi method and gray relational anal-
ysis method to determine the optimal parameters for laser
microdrilling zirconium oxide substrates, and optimizing the
parameters improved the hole taper and the width of the heat
affect zone. Kibria et al. [11] reported various laser defocusing
conditions for treating alumina ceramic surfaces through laser
microturning; they used multiobject optimization to obtain
minimal surface roughness and depth deviation. After laser
surface treatment of the cylindrical-shaped alumina ceramic,
surface roughness decreased with an increasing number of
laser scan passes for all defocusing positions; however, depth
deviation increased with an increasing number of passes.
Adelmann and Hellmann [12] used a single-mode fiber laser
for drilling alumina and aluminum nitride with thicknesses
ranging from 0.25 to 1.5 mm; focus positions were controlled
to obtain drill holes with small taper diameters. The drilling
times for both materials and all thicknesses were <1 ms, with
0.1 ms for 0.25 mm alumina being the shortest.

The present study theoretically and experimentally investi-
gated the nanosecond-pulsed ultraviolet laser drilling charac-
teristics of alumina ceramic substrates; various parameters,
such as laser fluence, pulse, and frequency, and number of
pulses, were analyzed. A physical model for laser drilling
ceramic substrates was established using ANSYS parameter
design language (APDL) finite element software. After laser
drilling, the depth, diameter, and taper of the drilled holes were
evaluated using a three-dimensional (3D) confocal laser scan-
ning microscope.

2 Theoretical analysis and simulation
In this paper, the laser source is considered a Gaussian energy

source. APDL is used to establish a mathematical simulation
model for the laser drilling of a ceramic substrate.
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Subsequently, temperature distribution and thermal character-
istics of drilling are determined. Finally, optimal lasing param-
eters that enhance drilling efficiency are obtained.

2.1 Finite element thermal analysis

The heat density generated by laser power is described using
the Gaussian distribution function displayed in Egs. (1) and

) [13]:

Ir.z.0) = 2enp [ 2525 0
r:g{H—(szWﬂ (2)

where « is the material absorption coefficient; 7 is the radius of
the effective light beam, which varies with the depth of the
drilling hole; & (7) is a pulse function; d is the diameter of the
laser beam; £; is the focal length of the focusing lens; Z,, is the
ceramic melting depth; ) is the laser wavelength; and Pp is the
instantaneous laser power, which is obtained using Eq. (3):

Py

p=—-2
P PRF x At

(3)
where P, is the average laser power, PRF represents the pulse
repetition frequency, and At is the pulse width. For evaluating
temperature distribution, the 3D heat conduction equation is
expressed as follows [14-17]:

o _ k. Fr T T g, (4)
ot pcp \ x> oy ok

However, the laser drilling process is considered fully axi-
symmetric along the laser beam axis. Therefore, the heat con-
duction equation is reduced to Eq. (5):

2 2
o _ & (6_T + or ﬁ) ()
ot pc, \ox* Ok

where T is the temperature; &, p, and ¢, are the temperature-
dependent thermal conductivity, density, and specific heat,
respectively; g, is the intensity of the heating source; and x,
y, and z are the coordinate axes, as shown in Fig. 1.

2.2 Finite element thermal analysis of the ceramic
substrate

The laser drilling geometry is created and meshed using the
APDL function of the finite element analysis software ANSY
S. The finite element thermal analysis of the ceramic substrate
is in terms of transient heat conduction. The temperature dis-
tribution of ceramic drilling varies with time and boundary
conditions. Figure 1 presents the flow chart of the analysis.
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Fig. 1 Flowchart for the thermal analysis

First, the geometric model is meshed using PLAN70 thermal
brick elements. Next, the physical parameters of the material,
such as thermal conductivity, specific heat, density, and ab-
sorption rate, are set. The following conditions are assumed
for simulating laser drilling of alumina substrates:

(a) The laser distribution of the beam intensity is a TEM
Gaussian mode.

(b) The material is homogeneous and exhibits isotropic heat
transfer characteristics.

(c) The laser-produced plasma phenomenon is ignored.

(d) The laser-generated reflection within the hole is
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Fig. 2 Analysis model in three dimensions

(e) A laser beam that acts at the material surface is affected
by absorption, reflectivity, transmission, and surface
roughness of the material. However, for simplification,
only absorption and reflectivity are considered.

2.3 Material absorption

In this study, the substrate is a ceramic; therefore, transmit-
tance is zero. The thermal analysis is affected only by the heat
absorption and reflectivity of the substrate; therefore, prior to
thermal simulation, the absorption and reflectivity of the ce-
ramic is measured. Equation (6) shows the relationship be-
tween absorption, reflectivity, and transmittance.

A=1-R-T (6)

where 4, R, and T, respectively, represent absorption, reflec-
tivity, and transmittance. The reflectivity spectra were mea-
sured using a UV—Vis—NIR spectrophotometer (V-670, Jasco
Inc.). Using Eq. (6), the absorption percentage for ceramics for
wavelengths at 355 nm is 10.17 %.

3 Experimental equipment, parameters,
and materials

In the experiments, the alumina specimens with a thickness of
0.4 mm were used. UV laser processing systems with maxi-
mal laser output power and laser wavelength of 2.6 W and

negligible. 355 nm, respectively, were designed and developed; the other
Table 1  Specifications of the laser system Table 2 Specifications of the Al,O3 ceramic material
Laser source Pulsed ultraviolet Physical properties Material (Al,O3)
Wavelength (nm) 355 Melting temperature (°C) 2053
Pulse width (ns) 14 ns @ 20 kHz Vaporization temperature (°C) 3503
Laser mode TEMy, (M*<12)  Density (kg/m°) 3900
Focal length 74.5 mm Heat conduction (W/mK) 28
Maximum output power (W) 2.6 @20 kHz Specific heat (J/kgK) 880
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Fig. 3 Simulation results for different values of laser fluence: a 2.55 J/cmz, b 3.82 J/cmz, ¢5.10 J/cmz, and d 6.37 J/em?

parameters are listed in Table 1. Laser output pulse mode was
used, and the experimental parameters were laser power, num-
ber of pulses, and pulse duration. Laser fluence, number of
pulses, and laser pulse duration were varied from 2.55 to
6.37 J/em?, 1 to 10, and 10 to 100 ms, respectively. The laser
machining focus position was located on the ceramic surface.
The specimens were placed on the platform of the laser pro-
cessing system, and the focus position was adjusted through z-
axis adjustment; the processing platform then remained sta-
tionary. A power meter was used to correct the average laser
power. The experiments were performed at room temperature
without using assistance gas. A 3D confocal microscope and

()

Fig. 4 Results for different laser
fluences of a 2.55 J/em? b 3.82 J/ 180
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cm?, measured using a 3D
confocal microscope
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an optical microscope measured the diameter and the depth of
the drilled holes.

4 Simulation results and experimental verification
4.1 Physical parameters and simulation conditions

The simulated ceramic model was 0.2x1x0.4 mm, and the
3D mesh model is shown in Fig. 2. Table 2 lists the physical
ceramic parameters used in the simulation. The ambient tem-
perature is assumed to be 27 °C. The laser source acts at the
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Fig. 5 Temperature distributions for the entrance hole for different laser
fluences

center of the ceramic workpiece. In laser drilling, material
ablation occurs through two mechanisms, melting and vapor-
ization, which occur at 2323 and 3773 K, respectively [18].
Therefore, simulation temperatures exceeding the melting and
vaporization points denote material ablation in the simulation.

4.2 Effect of laser power output on ceramic hole drilling

For experimental and simulative investigation of the influence
of'laser fluence on drilling, laser fluence was varied from 2.55
to 6.37 J/cm®. The other parameters were as follows: single
laser pulse, laser pulse duration of 1 ms, and laser frequency of
20 kHz. Figure 3 presents the simulation results for laser
fluence values of (a) 2.55 J/em?, (b) 3.82 J/em?, (c) 5.10 J/
cm?, and (d) 6.37 J/em?®. The simulated results reveal that an
increase in laser power increases the diameter and depth of the
drilled holes; the experimental results indicate that with a sin-
gle laser pulse, only varying fluence cannot achieve drilling.

Fig. 6 Temperature distributions 10000 —
for different values of laser
fluence for the drilled depth, as

measured at the central position
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Fig. 7 Effect of laser fluence on the diameter of the drilled hole

Figure 4 shows the 3D confocal microscopy images of holes
drilled at different laser fluence values. The experimental re-
sults indicate that the drilled diameter and depth increased
with increasing laser fluence; the diameter and depth ranged
from 84.9 to 96.3 um and 20.3 to 96.1 um, respectively.
Figures 5 and 6 present the simulation results and the exper-
imental verification of the effect of laser fluence on the diameter
and depth of the holes. In Fig. 6, the x-axis represents the tem-
perature of the drilled holes from its surface to its bottom. The
diameters and depths of the holes drilled at different laser
fluences predicted by the ANSYS finite element model were
compared with the experimental values obtained under the same
conditions; the results show that the maximal temperature occurs
at the center and on the surface of the drilled hole. Because the
laser rapidly heats the material, the melting position is around the
center and the surface of the drilled hole. The simulation is con-
sistent with the experimental results, as depicted in Figs. 7 and 8.
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Fig. 8 Effect of the laser fluence on the drilling depth

Because material ablation in laser drilling of alumina ce-
ramic involves melting and vaporization, discrepancies occur
between the simulation and experimental results, as shown in
Figs. 7 and 8. As shown in Fig. 7, the experimentally obtained
diameters were larger than the simulated diameters at low laser
fluence (i.e., 2.55 J/em?) because molten liquid—vapor mate-
rial is ejected during drilling. This phenomenon is consistent
with that proposed by Ren [8].

4.3 Effect of the number of laser pulses on ceramic hole
drilling

For experimental and simulative investigation of the influence of
the number of laser pulses on drilling, the number of laser pulses
was varied from 1 to 10 under a laser fluence of 5.10 J/em?, laser

Fig. 9 Simulation images for the Simulation condition
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Fig. 10 Temperature distributions for the entrance holes for different
numbers of pulses

pulse duration time of 1000 ps, and laser frequency of 20 kHz.
Figure 9 presents the simulation results. When the number of
pulses exceeded nine, the ceramic was completely drilled
through. With 10 laser pulses, the diameter of the hole was
enlarged, indicating that the drilled hole was tapered. This is
because the focus position changes as the hole deepens; thus,
laser fluence decreases and the energy spreads more widely.
Figures 10 and 11 display the temperature distribu-
tion curves for the entrance and exit of the drilled hole
at a different number of laser pulses. The maximal tem-
perature occurs at the center of the drilled holes. The
simulation results indicate that the entrance diameter of
the holes is larger than the exit diameter. These diame-
ters do not change considerably when the number of
pulses is varied. Figure 12 presents the optical micros-
copy cross-sectional view of the holes drilled with
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Fig. 11 Temperature distributions for the exit holes for different numbers
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different numbers of pulses. The simulation and experi-
mental results exhibit similar trends. Figure 13 shows
the effect of different numbers of laser pulses on the

Fig. 12 Optical microscopy
images for different numbers of
laser pulses: a 1 pulse, b 2 pulses,
¢ 3 pulses, d 4 pulses, e 5 pulses, f
6 pulses, g 7 pulses, h 8 pulses, i9
pulses, and j 10 pulses

entrance and exit diameters of the hole, and Fig. 14
shows the effect of different numbers of laser pulses
on the hole depth.

Figures 10 and 11 show the temperature distribution
curves for different numbers of laser pulses and for the
diameter of the entrance and exit of the drilled hole.
According to the temperature distribution curve, the
simulation results show that the maximum temperature
occurs at the center of the drilled holes. The simulation
results show that the entrance diameter of the drilled
holes is larger than the exit diameter. The top and bot-
tom diameters of the drilled holes do not change signif-
icantly when the number of pulses is varied. Figure 12
shows the optical microscope cross-sectional view of the
holes for different numbers of pulses. It is seen that the
simulation and the experimental results show similar
trends. Figure 13 shows the effect of different numbers
of laser pulses on the entrance and exit diameter of the
drilled hole. Figure 14 shows the effect of different
numbers of laser pulses on the depth of the drilled hole.
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4.4 Thermal simulation and experimental results
of ceramic hole drilling at different laser fluences

Figures 15 and 16 present the temperature distribution
curves for the hole entrances and exits at a laser fluence
of 2.55, 3.82, 5.10, and 6.37 J/cm?. The simulation
results reveal that laser fluence between 2.55 and
6.37 J/em® generates temperatures that exceed the melt-
ing point of the ceramic substrate. At 2.55 J/em?, the

B 355UV laser
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Fig. 14 Effect of different numbers of laser pulses on the depth of the
drilled hole

@ Springer

maximal temperature of the ceramic bottom was
1030 °C, which cannot achieve the melting point tem-
perature; hence, cannot obtain the through hole. An op-
tical microscope reveals that the entrance and exit di-
ameters increase with increasing laser fluence. The ex-
perimental and simulation results are consistent, as
shown in Fig. 17.

4.5 Thermal simulation and experimental results
of ceramic hole drilling at different pulse durations

The simulation and experimental parameters for the drilling
process were as follows: 10 pulses, laser fluence of 5.10 J/
cm?, and pulse repetition frequency of 20 kHz. The laser was
focused on the ceramic substrate surface. The hole diameter
increases with increasing pulse duration, as shown in Figs. 18
and 19. The entrance hole diameters are larger than the exit
hole diameters, resulting in an increased taper. Shorter pulses
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Fig. 16 Temperature distributions for the exit hole for different values of
laser fluence
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Fig. 17 Optical microscopy
images for 10 pulses for different
values of laser fluence: a 2.55 J/
cm?, b 3.82 J/em?, ¢ 5.10 J/em?,
and d 6.37 J/em®

(a)

do not considerably affect taper angle, as shown in Fig. 20.
The experimental and numerical results differ slightly because
shorter pulses cannot remove alumina effectively.

5 Conclusion

This paper presents theoretical and experimental methods for
drilling alumina ceramic substrates using nanosecond-pulsed
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Fig. 18 Temperature distributions for the entrance hole for different laser
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ultraviolet laser. A higher laser fluence and number of pulses
produces larger drilling depths and diameters. However, the
simulation and experimental results differ slightly because
material ablation when lasing alumina ceramic entails melting
and vaporization. Experimental results indicate that a laser
fluence of 5.10 J/em?, pulse duration of 1000 ps, frequency
of 20 kHz, and >9 pulses successfully drills through the alu-
mina ceramic substrate. Pulse duration in the range of 3-8 ms
yields the smallest hole taper.
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Fig. 19 Temperature distributions for the exit hole for different laser
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