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Femtosecond Laser Micro-drilling on Stainless Steel 316 L at Sub 90 pm
Hole Diameter
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Micro-hole perforation on stainless steel is essential for various industrial applications. However, achieving precise hole
geometry, high aspect ratio, and excellent surface quality remains challenging with conventional drilling methods. In this
study, we employed a single circular path trepanning technique using a femtosecond laser to drill micro-holes in 316L
stainless steel with diameters less than 90 um. Process parameters, including pulse energy, repetition rate, scan speed,
and number of scans, were systematically varied. Resulting hole morphology and cross-sectional profiles were
characterized using a confocal microscope and a scanning electron microscope. Our findings demonstrated that optimized
femtosecond laser drilling could minimize recast layers, sputter deposition, and heat-affected zones, thereby achieving high-
quality micro-holes suitable for demanding industrial applications.
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engineering necessitates advanced manufacturing techniques for

NOMENCLATURE creating micro-scale features. Market forecasts indicate that

d =  Micro-hole Diameter miniaturized electronic devices and components will expand at a
d.. = Minimum Diameter compound annual growth rate (CAGR) of 9.2% from 2023 to 2030
dpee = Maximum Diameter [1-3]. Micro-drilling has become necessary across diverse industrial
fields, covering biomedical devices, automotive components,

aerospace systems, and chemical processing equipment [4].

1. Introduction Stainless steel, known for its cost efficiency and strong mechanical
properties, is widely used in manufacturing high precision

The trend toward miniaturization in electronics and precision components such as surgical needles, orthopaedic implants, fuel

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1 Comparison of the capabilities of non-conventional micro

drilling methods
. Minimum Maximum Maximum

Non-conventional hole size aspect drilling speed

drilling methods [um] ratio [ 8
Femtosecond laser

micro-drillling 1[24] 600:1[25] 6,000 [26]
EDM micro-drilling 5127] 30:1[28] 0.1 [27]

Ultrasonic 5129] 31:1[30] N/A

micro-drilling

injector nozzles, and filters [5].

Laser drilling has emerged as a superior alternative to
conventional methods such as mechanical drilling, owing to its
ability to meet needed requirements for hole geometry [6-10].
Millisecond and nanosecond lasers have enabled notable progress,
these longer-pulse methods often produce undesirable recast
layers, sputter deposition, and thermal damage. In contrast,
femtosecond lasers facilitate cold ablation due to their ultrashort
pulse duration [11-13]. At ultrashort time scales, the process
proceeds via a direct transition from solid to vapor or plasma, the
lattice absorbs energy and heats on a picosecond time scale, rapidly
forming vapor and plasma phases that expand into the surrounding
vacuum. Because thermal conduction into the bulk material is
negligible, heat-affected zones are minimized and thermal damage
is effectively prevented [14-16]. These unique properties of
femtosecond laser pulses enable highly precise and clean material
processing, making them ideal for applications requiring high
accuracy, such as micro drilling of metals [17,18]. Although there
are other emerging drilling methods such as Electric Discharge
Machining (EDM) and ultrasonic drilling methods. While EDM
and ultrasonic drilling have their advantages in specific contexts,
femtosecond laser drilling offers superior precision, minimal
mechanical damage, and greater material flexibility, making it
highly suitable for advanced microfabrication applications. The
comparative results between femtoseconds laser drilling and other
drilling methods is presented in Table 1.

T. Li et al. used laser layered ring trepanning with transverse
magnetic assistance to improve drilling efficiency and hole quality
while reducing defects. The diameters of the inlet holes fabricated
using this method ranged from 240 to 310 um [19]. Micro-holes
drilled in vacuum with femtosecond laser was reported by
Kamlage et al. to possess diameters of 100 um [20], L. Romoli et
al. studied the development of micro — drilling cycle using
ultrashort pulses, three drilling phases were proposed, fabricating a
hole diameter ranging from 170 to 180 um [21]. Z. Gu et al
proposed a dual-path laser scanning strategy for the fabrication of

micro-holes with a diameter of 90 um however, the resulting holes

Table 2 Chemical composition of SUS 316 L [wt%]

Element Mn Ni Cr Mo Si S C P Fe

wt%e 2 12 16 2 1 0.03 0.03 045 Balanced

Femtosecond laser source

Laser beam

Computer
Galvo
scanner

Direction of
laser beam
Laser spot diameter movement

(30 pm)

\ Path diameter (30 pm) /

Fig. 1 Schematic diagram of the femtosecond laser system

illustrating the single circular path drilling technique

exhibited a relatively low aspect ratio of only 0.8 [22].
Furthermore, A. Gruner et al. utilized a basic percussion drilling
method to fabricate micro-holes, achieving 28 um inlet diameters
in 0.1 mm thick stainless steel. But, their findings revealed that for
thicknesses of 0.3 mm and above, the resulting holes exhibited
poor quality, characterized by significant burr formation and
extreme melt ejection [23]. This work bridges the research gap by
successfully fabricating micro-holes with diameters below 90 um
through a trepanning drilling approach, while maintaining
favourable aspect ratios. The study evaluates the effects of key
process parameters on hole geometry and surface quality. No pre-
and post-treatments were applied to the surface of the samples. Our
findings contribute to scientific understanding and industrial

applications of femtosecond laser micro-drilling.

2. Experiment Procedure

2.1 Materials and Equipment
Austenitic stainless steel 316 L (thickness: 1.2 mm) was chosen
as the substrate. The chemical composition is provided in Table 1.
The micro-drilling experiments were performed using a light
conversion femtosecond laser system (Carbide — CB3 — 40 W)

with a maximum output power of 40 W, center wavelength of 1030
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(d) Aspect ratio measurement

Fig. 2 Illustration of the four micro-hole morphological characterization

+ 10 nm, maximum pulse energy of 400 uJ, and pulse duration <
250 fs. The laser beam, after passing through a series of mirrors
and a beam expander, was directed to a galvo scanner and focused
using an f-theta lens to a spot size of 30 pm on the sample surface

as illustrated in Fig. 1.

2.2 Laser Set-up and Drilling Technique

The trepanning drilling technique was utilized, where the
scanner moves the beam along a preset single circular path [31,32]
30 pm in diameter to ablate material progressively and form a
micro-hole. The drilling process was performed at room
temperature and ambient air without the use of assisted gas. The
morphology of the drilled holes was examined using a Leica
confocal Optical Microscope (OM) and Scanning Electron

microscopy (SEM). The key geometrical parameters (average

Table 3 Process conditions for laser power effect on micro-holes

Pulse repetition rate  Laser power Scanning speed Number of

[kHz] [mW] [mm/s] scans
5 20 20 100
5 40 20 100
5 60 20 100
5 80 20 100
5 100 20 100
5 120 20 100
5 160 20 100
5 200 20 100

diameter, circularity, depth, and aspect ratio) were measured as

outlined in Fig. 2.

2.3 Micro Hole Morphology Characterization

In this study, the average diameter, hole circularity, depth, and
aspect ratio were employed as evaluation indices to assess the
geometric accuracy of the fabricated holes. The average diameter
is defined as the arithmetic mean of multiple diameter measurements
acquired along different orientations intersecting the geometric
center of the micro-hole. To account for potential shape
asymmetry, diameters d;, dy, ds, and d, as depicted in Fig. 2(a), are
measured along four orthogonal axes passing through the hole

center and calculated as shown in Eq. (1) [33].

d,+d,+ds+d,

- (M

Average diameter =

Hole circularity quantifies the deviation of the micro-hole shape
from an ideal circle. It is computed as the ratio of the minimum to
maximum measured diameters across the hole, expressed as a
percentage, with a value of 100% indicating perfect circularity

[34].

Hole circularity = Z]’m—”’ x 100% 2)
Hole depth shown in Fig. 2(c) is the vertical distance from the
surface to the deepest point along the central axis of the micro-
hole. This parameter is critical for assessing the penetration
capability and efficiency of the laser drilling process.
The aspect ratio was calculated as the ratio of the average hole
depth to the average hole diameter from Eq. (3). This parameter
provides a quantitative measure of the relative depth compared to

the lateral dimension of the micro-holes [35].

Aspect ratio = Average hole depth 3

Average diameter
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Fig. 3 SEM and optical microscopy analysis of micro-hole
morphology as a function of laser power

Table 4 Micro-hole morphological results

Laser power Hol.e average Hole. Average hole Aspect
[mW] diameter circularity depth ratio
[um] (7] (um]

20 42.29 88.40 24.53 0.59
40 54.93 90.64 25.83 0.47
60 61.45 91.80 39.40 0.65
80 63.05 92.12 66.93 1.06
100 64.26 94.85 130.06 2.03
120 64.63 94.42 205.80 3.18
160 71.26 94.60 246.08 3.45
200 74.97 95.89 270.30 3.61

3. Results and Discussion

3.1 Effect of Laser Power

An experiment was conducted to investigate the influence of
laser power on micro-hole drilling, as detailed in Table 3. The laser
power was varied from 20 to 200 mW, while the pulse repetition
rate, scanning speed, and number of scans were maintained at
5 kHz, 20 mm/s, and 100, respectively. Fig. 3 presents the surface
morphology and cross-sectional profiles of the drilled holes
captured via SEM and OM under various laser power levels. The
dimensional characteristics of the micro-holes, including diameter,
depth, circularity, and aspect ratio, are summarized in Table 4. At
the lowest laser power of 20 mW, the resulting micro-hole
exhibited a small diameter (42.29 pm), shallow depth (24.53 pm),
and a circularity of 88.40%. As the laser power increased, more

material was ablated, leading to larger hole diameters and depths.

g 3
Microhole circularity (%)

Microhole diameter (um)

a
&
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Laser power (mW) Laser power (mW)

640 8

480 26
z E
g =
4 g
= g

Fo 2
x 2
s s
= &

160 Z2

N = E:
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Laser power (mW) Laser power (mW)

Fig. 4 Effect of laser power on micro-hole diameter, hole circularity,
hole depth and aspect ratio

Table 5 Process conditions for number of scans effect on micro-holes

Pulse repetition  Laser power Scanning Number
rate [kHz] [mW] speed [mm/s] of scans
5 20 20 100
5 20 20 500
5 20 20 3,000
5 20 20 5,000
5 20 20 8,000
5 20 20 10,000

The maximum values of diameter (74.97 um), circularity (95.89%),
depth (270.30 um), and aspect ratio (3.61) were achieved at the
highest laser power of 200 mW. This trend revealed that increasing
laser power enhances material removal, leading to larger hole
diameters, greater depths, and improved circularity. At 200 mW,
optimal performance was achieved while preserving the
advantages of femtosecond laser drilling, producing holes with
negligible recast layers, minimal sputtering, and reduced heat-
affected zones. This demonstrates efficient material removal
combined with geometric precision, establishing a benchmark for
fabricating sub 90 pm holes with high aspect ratios. To verify the
reliability of the selected optimal parameter (200 mW), additional
experimental studies were conducted by varying the number of
scans and scan speeds. These variations help assess the consistency
of performance under different process conditions. The outcomes
of these studies are presented in the following subsections and
further support the selection of 200 mW as the optimal laser power

for precise micro-drilling applications.
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Fig. 5 Micro-hole morphology and cross section according to the
number of scans effect

Table 6 Micro-hole morphological results

Numberof MGLIEES iy dep A
(um] [70] [um]
100 74.97 95.89 270 3.61
500 78.48 90.46 299.49 3.82
3,000 81.35 93.70 304.87 3.74
5,000 81.84 87.82 326.53 3.10
8,000 82.32 92.53 408.17 4.98
10,000 83.95 93.57 576.92 6.94

3.2 Effect of the Number of Scans

In laser trepanning drilling, optimizing the number of scans is
critical to achieving the desired hole morphology and depth. In this
phase of the experiment, the number of scans was systematically
varied while maintaining a constant pulse repetition rate, laser
power, and scanning speed at 5 kHz, 20 mW, and 20 mm/s,
respectively, to examine its influence on micro-hole characteristics.
As illustrated in Fig. 5 and summarized in Table 6, increasing the
number of scans led to a gradual enlargement of the hole entrance
diameter from 74.97 to 83.95 pum and an increase in hole depth
from 270 to 576.92 pm, resulting in a corresponding rise in aspect
ratio from 3.61 to 6.94. Each successive scan contributes

incrementally to material removal, producing progressively deeper

T T

2
Microhole circularity (%)

Microhole diameter

a
&

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Number of scans

1000 2000 3000 4000 5000 6000 7000 8000 9000 1000
Number of scans

640
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320

Hole depth (jum)
Microhole aspect ratio
>

3
2
~

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Number of scans

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Number of scans

Fig. 6 Effect of number of scans on micro-hole diameter, hole
circularity, hole depth and aspect ratio

Table 7 Process conditions for laser scan speed effect on micro-holes

Pulse repetition ~ Laser power Scanning Number of
rate [kHz] [mW] speed [mm/s] scans
5 20 10 100
5 20 20 100
5 20 50 100
5 20 100 100
5 20 200 100
5 20 300 100

and wider holes as illustrated in Fig. 5. At 100 scans, the laser
primarily interacts with a relatively flat surface, enabling efficient
ablation and a well-defined entrance. As the number of scans
increases from 500 to 10000, the hole continues to expand both
laterally and vertically due to cumulative material removal from
the sidewalls and bottom. However, as the hole deepens, geometric
constraints begin to reduce the effectiveness of subsequent laser
scans. This results in a decrease in material removal efficiency,

with growth in hole dimensions continuing at a slower rate.

3.3 Effect of Laser Scan Speed

The femtosecond laser scanning speed plays a critical role in
micro-hole drilling by influencing the overlap ratio between
adjacent laser pulses along the scanning path. In this study, the
scanning speed was varied from 10 to 300 mm/s, while other
parameters were held constant as detailed in Table 7. As shown in
Fig. 7, an increase in scanning speed led to a gradual decrease in

both hole diameter and depth. The maximum hole diameter
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Fig. 7 Micro-hole morphology and cross section according to the
laser scan speed effect

Table 8 Micro-hole morphological results

Laser scan Hole average Hole Average hole

speed diameter  circularity depth Asp © ot

[mm/s] [um] %] [um] ratio

10 76.29 95.70 321.34 4.48

20 74.97 95.89 270.30 3.61

50 72.95 95.69 249.05 341

100 72.76 96.67 214.95 2.96

200 71.65 96.91 147.51 2.06

300 71.55 96.92 146.02 2.04

(76.29 pm) and depth (321.34 um) were observed at the lowest
scanning speed of 10 mm/s. At lower scan speeds, the increased
dwell time results in greater energy deposition per unit area,
promoting larger entrance diameters, deeper penetration, and more
significant melting. In contrast, higher scan speeds reduce the
interaction time between the laser and material, limiting energy
absorption and resulting in smaller, shallower holes with cleaner
edges, reduced sputter deposition, and minimal heat-affected
zones, as evidenced by SEM imaging in Fig. 7. These effects are
governed by the interplay between thermal conduction, melting,
and ablation mechanisms. Slower scan speeds allow more time for

heat diffusion, expanding the melt pool and enhancing both melt

[’

Microhole diameter (jum)
& 2
Microhole circularity (%)

50 100 150 200 250 300 S0 100 150 200 250 300
Laser scan speed (mm/s)

50 100 150 200 250 300 50 100 150 200 250 300
Laser scan speed (mm/s)

Laser scan speed (mm/s)

Hole depth (um)
@
3
Microhole aspect ratio
»

~

Laser scan speed (mmys)

Fig. 8 Effect of laser scan speed on micro-hole diameter, hole
circularity, hole depth and aspect ratio

ejection and vaporization. Conversely, faster scan speeds constrain
melt formation and limit material removal. Despite variations in
hole dimensions, the circularity of the beam profile remained
consistently high, ranging from 95.70 to 96.92% across all

scanning speeds as shown in the graph in Fig. 8.

4. Conclusion

This study has demonstrated the feasibility and effectiveness of
femtosecond laser-based single circular path trepanning for micro-
drilling sub-90 um holes in stainless steel 316L. The experimental
results highlight the critical influence of laser power, number of
scans, and scanning speed on hole geometry and quality:

1. Optimal laser power conditions were observed at 200 mW,
yielding a maximum hole diameter of 74.97 um, a depth of
270.30 um, and an aspect ratio of 3.61, with a high degree of
circularity (95.89%).

2. Increasing the number of scans significantly enhanced
material removal, with the highest performance recorded at
10000 scans, producing a hole diameter of 83.95 pm, a depth
of 576.92 um, and an aspect ratio of 6.94.

3. Scanning speed was found to be a key parameter in
controlling hole morphology and quality. Across the range
studied (10-300 mm/s), hole circularity was consistently
high (95.70-96.92%). At the highest scan speed (300 mm/
s), the smallest hole diameter (71.55 pm) was achieved,
with a corresponding depth of 146.02 um and aspect ratio
of 2.04.
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These findings confirm that single path trepanning with a
femtosecond laser enables the precise fabrication of micro-
holes with minimal thermal effects, excellent dimensional
control, and high geometric accuracy. The process offers strong
potential  for into

integration advanced manufacturing

applications  requiring  high-aspect-ratio = micro-features
particularly in sectors such as aerospace, biomedical devices,
and fuel injection systems and filters without the need for post-

processing treatment.
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