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Abstract

Picosecond laser trepanning is a key technology for fabricating film cooling holes in aero-
engine turbine blades, overcoming the limitations of conventional machining such as severe
tool wear and thermal damage. However, optimizing this advanced process to achieve
consistent, high-quality results remains a challenge. This study therefore systematically
investigates the influence of key laser parameters (power, scanning speed, defocusing
distance, and number of scans) on the geometric quality (diameter, taper, and roundness)
of holes trepanned in GH4169 superalloy. The experimental results revealed that laser
power and defocusing distance are the dominant factors controlling hole diameter and
taper. Furthermore, a critical trade-off was identified concerning the number of scans: while
more scans improved exit roundness, they also detrimentally increased entrance diameter
and taper due to heat accumulation. Based on these findings, we propose a defect control
strategy prioritizing a lower number of scans in the initial phase to effectively suppress
molten material formation and preserve surface integrity. This work provides a valuable
technological reference and theoretical foundation for the low-damage, high-reliability
laser manufacturing of high-performance aerospace components.

Keywords: picosecond laser; trepanning drilling; superalloy; single-factor experimental
method; defect control

1. Introduction

Due to their superior high-temperature strength, corrosion resistance, and mechanical
properties, superalloys are indispensable for critical components such as the hot-section
parts of aero-engines and gas turbine blades. However, the manufacturing of numerous
precision cooling holes, which are essential for ensuring operational integrity and extending
service life, presents significant machining challenges [1-3]. Consequently, non-contact
advanced machining technologies are preferred, although even viable options such as
electrochemical machining (ECM) and electrical discharge machining (EDM) often face
limitations in processing efficiency and cost [4-6]. For instance, although EDM can achieve
excellent machining quality, its inherently slow processing speed presents a bottleneck for
high-volume production compared to laser drilling [1,7-9]. Consequently, laser drilling
has emerged as a key technology to overcome these bottlenecks, leveraging its unique
advantages, including non-contact processing, high energy density, and a minimal heat-
affected zone (HAZ) [10-12].

Nevertheless, conventional long-pulse lasers induce a series of defects in the vicinity
of the hole during processing, primarily due to the heat accumulation effect. In recent years,
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ultrafast laser technology, particularly picosecond lasers, has offered a novel solution to
these challenges [13,14]. The key lies in the ultrashort pulse duration, which is shorter than
the material’s characteristic time for thermal diffusion. This allows energy to be deposited
and material to be removed via direct ablation before significant heat can transfer to the
surrounding lattice. This mechanism drastically reduces the heat-affected zone (HAZ)
and associated defects [15-17]. For instance, H. Zhu et al. investigated the drilling of
film cooling holes on DD6 single crystal superalloy using a hybrid process that combined
a picosecond laser with assisted waterjet and electrochemical post-processing, revealing
the influence of key parameters on hole taper and demonstrating the effectiveness of
the combined process in eliminating thermal damage and improving hole quality [18].
Q. Tang et al. employed a combination of numerical simulation and experiments to study
the influence of plasma on picosecond laser drilling [19]. H. Wang et al. developed a hybrid
technique combining picosecond laser layered trepanning with cooperative airflow and
E-field modulation to machine deep high-aspect-ratio micro holes in titanium alloy TC4,
demonstrating its ability to significantly increase the achievable hole depth and aspect
ratio while effectively suppressing residual stress [20]. C. Liu et al. proposed a two-
dimensional transient numerical model to simulate the hole shape evolution and thermal
effects in picosecond laser drilling of 2.5D C/SiC composites and validated the model’s
accuracy in predicting hole profiles and thermal damage through experimental results [21].
S. Zhang et al. proposed a back-water-assisted picosecond laser drilling technique for the
mass fabrication of micro holes in aviation filters, demonstrating that this method can
significantly reduce hole taper and thermal defects while increasing processing efficiency
by 40-60% compared to direct laser drilling [22]. Currently, there is insufficient research
on the picosecond laser trepanning of superalloys, specifically concerning the systematic
influence of parameters like laser power, scanning speed, number of scans, and defocusing
distance on hole quality, and on methods to improve orifice quality and surface cleanliness.

Accordingly, this paper focuses on the nickel-based superalloy GH4169. First, from
an experimental analysis perspective, picosecond laser trepanning experiments were con-
ducted. A single-factor method was systematically employed to investigate the effects of
laser power, number of scans, scanning speed, and defocusing distance on hole quality.
Second, in terms of defect control research, we conducted an in-depth analysis of the mor-
phology and causes of microdefects. By elucidating the defect mechanisms, this method
guides the optimization of process parameters, providing a more reliable and scientifi-
cally rigorous solution for achieving high-quality, defect-free holes in GH4169 material,
surpassing the limitations of trial-and-error optimization.

2. Experimentation Details
2.1. Materials and Equipment

The nickel-based superalloy GH4169 was selected as the experimental material for this
study. The specimens used were circular discs with a diameter of 30 mm and a thickness
of 0.5 mm. This alloy is extensively employed in the aerospace industry, particularly for
engine turbine blades, due to its ability to maintain stable performance at temperatures up
to 800-850 °C and its long service life. The chemical composition of GH4169 is detailed in
Table 1.

The experiments were conducted using a CNC precision picosecond laser machining
center (Suzhou Delong Laser Co., Ltd., Suzhou, China), as depicted in Figure 1. The system
is equipped with a picosecond laser source featuring a wavelength of 532 nm, a maximum
power of 30 W (at a repetition rate of 1000 kHz), a tunable repetition rate ranging from
1 Hz to 2000 kHz, and a pulse width of less than 15 ps. In the optical path, the laser beam
is directed through a beam expander, mirrors, and a scanning galvanometer before being
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focused onto the workpiece surface by an f-theta lens. This process induces a series of
photo-thermal-mechanical effects, ultimately resulting in material removal.

Table 1. Chemical composition of superalloy GH4169.

Composition Ni Cr Si Mn C Mo S P Fe Al Ti Nb Co Cu
Ma 58 51.8 183 0.33 0.14 0.046 297 0.002 0.009 Allowance 058 095 515 034 0.07
Fraction/%

Picosecond laser Beam expander /4 wave plate
Reflector

E—E——I

Trepanning drilling \

apparatus _ ey | el
e

Focus lens
Scans path
| — |
Sample

Controller Motion stage

Figure 1. Laser drilling device.

Post-processing characterization was conducted using two instruments: a DSX100
ultra-depth-of-field 3D microscope (Olympus, Tokyo, Japan) and a QUANTA FEG 250
scanning electron microscope (SEM) (FEI Company, Hillsboro, OR, USA). The DSX100
microscope, featuring a 16 x optical zoom and a ring LED (Olympus, Tokyo, Japan) illumi-
nator, was employed to measure geometric parameters such as hole diameter, depth, and
taper. The QUANTA FEG 250 SEM, owing to its superior resolution and magnification, was
utilized to examine microstructural features, including hole wall details, the heat-affected
zone (HAZ), and potential micro-cracks.

2.2. Experimental Design

Based on processing requirements and material characteristics, laser drilling can be
categorized into three primary methods: single-pulse drilling, multi-pulse percussion
drilling, and trepan drilling [23], as illustrated in Figure 2.

e

Figure 2. Schematic diagram of laser drilling hole. (a) Single-pulse drilling. (b) Multi-pulse percussion

drilling. (c) Trepan drilling.
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In this study, the trepanning technique was employed. This technique involves
scanning the material surface multiple times, with each scan progressively deepening
the hole until the desired diameter and depth are achieved. By carefully designing the
scan path and number of iterations, this method allows for precise control over hole
quality and dimensions, thereby ensuring high machining accuracy. Figure 3 illustrates the
experimental scanning path, which consists of a series of concentric circles traced from the
inside out. The path began with the innermost circle (d1) having a diameter of 0.01 mm.
Each subsequent concentric circle’s diameter was increased by 0.01 mm, culminating in the
outermost circle (d30) with a final diameter of 0.3 mm.

d30 d29

Figure 3. Scanning path diagram.

2.3. Assessment of Micro-Hole Quality

To minimize measurement errors, each hole was measured repeatedly from multiple
orientations. As illustrated in Figure 4a,b, di and do represent the entrance and exit diame-
ters, respectively. The diameters dy, dy, d3, and d4 were measured across four directions at
the entrance, while ds, dg, d7, and dg were measured at the exit. The angle between adjacent
measurements was fixed at 45°. The final reported diameter is the arithmetic mean of these
four measurements:

di=(d1+dy+ds+dy)/4 1

dOZ(d5—|—d6—|—d7+d8)/4 (2)

Taper (0) quantifies the conical shape of the through-hole and is calculated based on
the entrance diameter (d;), exit diameter (d,), and hole depth (I), as depicted in Figure 4c.
The formula for taper is as follows:

(d; —do) 180

21 7T ©)

0 = arctan

The roundness of the micro-hole was characterized by the standard deviation of the
four diameter measurements. Here, 0; and o, represent the roundness at the entrance and
exit, respectively. The formulas are given by

V(i = )2+ (d; — do)? + (d; — da)? + (d; — dy)?
;= 5 4)

\/(di — ds)? + (d; — d)* + (d; — d7)” + (d; — dg)”
0o = > ®)
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Figure 4. Micro-hole feature characterization: (a) Entrance diameter, (b) Exit diameter; (c) Taper.

3. Results

To systematically investigate the effect of laser processing parameters on the result-
ing micro-hole quality, a one-variable-at-a-time (OVAT) experimental methodology was
adopted. This study focused on four key process parameters: laser power, number of
scanning passes, scanning speed, and defocus distance. The quality of the fabricated
micro-holes was evaluated based on both geometric accuracy (taper and roundness) and
the extent of thermal damage. A critical aspect of this evaluation is the heat-affected zone.
For the purposes of this study, a high-quality result with a “low HAZ” is defined by a
combination of observable features: minimal dross and spatter on the component surface, a
controlled and thin recast layer at the hole orifice, and the absence of micro-cracks [24,25].

3.1. Effect of Laser Power

Laser power, defined as the energy radiated by the laser per unit time, was controlled
and reported as a percentage (%) of the equipment’s nominal maximum output power
(Pmax = 30 W). To investigate the influence of this parameter on the quality of through-
holes drilled in the GH4169 superalloy, the laser power was systematically varied while all
other processing parameters were held constant. The specific experimental conditions are
detailed in Table 2.

Table 2. Laser power parameters.

Laser Power/(%) Number of Scanning Defocusing
? Scans/(n) Speed/(mm/s) Distance/(mm)
75/80/85/90/95 25 25 0

Figure 5 presents images of the micro-hole morphologies obtained from laser drilling
experiments conducted at various laser power. Figure 6 illustrates the trends in entrance
diameter, exit diameter, and hole taper as a function of varying laser power. As the laser
power was increased, the entrance diameter exhibited a gradual upward trend. This is
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attributed to the fact that higher power levels deliver more incident energy per unit time,
which broadens the melt and vaporization zone on the material surface. Given the Gaussian
energy distribution of the laser beam, higher fluence in the center leads to strong ablation,
while the energy in the periphery is still sufficient to cause melting, thus expanding the
interaction area (Liu et al., 2016) [26]. Consequently, the laser interaction area expanded,
leading to an enlarged entrance, as depicted in Figure 5a. Conversely, the exit diameter
was markedly smaller at 75% power, indicating that the laser energy was insufficient for
full penetration. This resulted in inadequate machining and minimal ablation at the hole
bottom (Figure 5b). Beyond 80% power, the exit diameter increased rapidly. This sharp
increase is due to the enhanced energy allowing the beam to penetrate deeper, thereby
improving the melt-ejection efficiency for the material at the base of the hole. The hole
taper initially decreased and then increased. At 75% power, the taper reached a high of 2.7°.
It then dropped sharply to a minimum as power rose to the 80-90% range, before climbing
again to approximately 1.6° at 95% power. This trend suggests that excessively low power
leads to a pronounced taper, caused by insufficient melting at the hole exit combined with
a larger entrance. Conversely, excessively high power may induce phenomena such as
material remelting and spatter deposition, which also increases the taper.

(b) -

75%  80%  85%  90%  95%

Figure 5. Effect of laser power on micro-hole morphology. (a) Micro-hole entrance before polishing.
(b) Micro-hole exit before polishing. (c) Micro-hole entrance after polishing. (d) Micro-hole exit
after polishing.

Figure 7 depicts the trends in entrance and exit roundness as a function of laser power.
As the power increased from 75% to 80%, the entrance roundness value slightly increased
(indicating a slight degradation in quality). It then improved significantly, decreasing
rapidly after 85% power and remaining at a consistently low level at 90% and 95%. This
trend suggests that in the medium-to-high power range, a more sufficient energy input and
enhanced beam stability contribute to the formation of a more uniform and well-defined
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entrance profile. In contrast, the exit roundness was low (indicating good circularity) at
75% and 80% power. However, as the power was increased to 85%, the roundness value
abruptly surged to over 44 um and remained at this elevated level for powers of 90% and
95%. This observation implies that under high-power conditions, while the laser possesses
greater melting and penetration capabilities, the expanded heat-affected zone at the hole’s
base makes phenomena such as material re-solidification and wall collapse more prone
to occur, thereby degrading the roundness of the exit profile. This degradation is likely a
result of increased heat accumulation, which promotes the formation of a larger molten
pool and a thicker resolidified layer (Sun et al., 2019) [27].

a b
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Figure 6. Effect of laser power on hole diameter and taper. (a) Hole diameter. (b) Hole taper.
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Figure 7. Effect of laser power on hole roundness: (a) entrance; (b) exit.

3.2. Effect of Scanning Speed

Laser scanning speed is defined as the linear velocity of the laser beam as it moves
across the workpiece surface. To investigate its influence on the fabrication of through-holes
in the GH4169 superalloy, the scanning speed was systematically varied while all other
laser parameters were held constant. The specific experimental conditions are detailed in
Table 3.
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Table 3. Scanning speed parameters.

o Number of Scanning Defocusing
Laser Power/(%) Scans/(n) Speed/(mm/s) Distance/(mm)
80 25 14/18/22/26/30 0

Figure 8 presents images of the micro-hole morphologies obtained from laser drilling
experiments conducted at various scanning speed. As illustrated in Figure 9, an increase
in scanning speed leads to a general upward trend in both the entrance diameter and the
hole taper, whereas the exit diameter remains relatively constant. This phenomenon can be
explained by the fact that at lower scanning speeds, the energy deposition per unit area
is significantly higher. This allows the energy to effectively penetrate the entire material
thickness and facilitates the efficient ejection of molten debris. Consequently, high-quality
micro-holes with a small difference between entrance and exit diameters and a low taper
are achieved. However, when the scanning speed becomes excessively high, the overlap
rate of the laser pulses decreases, resulting in insufficient energy density being delivered
to any single point on the material. The material at the upper section of the channel is
over-melted due to heat accumulation and hindered molten material ejection, leading to a
sharp increase in the entrance diameter. Simultaneously, the energy is severely attenuated
as it propagates deeper into the hole, and by the time it reaches the bottom, it is insufficient
for effective ablation. This causes the exit diameter to stagnate or even slightly decrease.
Ultimately, the combination of the sharply enlarged entrance and the stagnant exit results
in an increased hole taper.

14mm/s 18mm/s 22mm/s 26mm/s 30mm/s

Figure 8. Effect of scanning speed on hole morphology (a) Hole entrance before polishing. (b) Hole
exit before polishing. (c) Hole entrance after polishing. (d) Hole exit after polishing.
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Figure 9. Effect of scanning speed on hole diameter and taper (a) Hole diameter. (b) Hole taper.
Figure 10 illustrates the trends in entrance and exit roundness as a function of scanning
speed. The roundness of both the entrance and exit initially deteriorates and then improves
as the scanning speed increases, with the roundness error for both peaking at a speed of
22 mm/s. This phenomenon can be primarily attributed to the fact that at lower speeds, a
high pulse overlap rate ensures stable energy input and uniform material removal, resulting
in good roundness. As the speed increases into an intermediate range, the process enters an
unstable regime. This instability is characteristic of processing with pulse durations near the
material’s electron—phonon relaxation time, where the ablation mechanism can easily shift
between vaporization-dominated and melt-dominated (Weck et al., 2008) [28]. In this state,
the energy density is insufficient for pure vaporization-driven ablation but is high enough
to generate a substantial volume of molten material. Concurrently, the faster scanning
speed prevents the assist gas from ejecting this melt in a stable and uniform manner. This
leads to the solidification of irregularly recast and spattered melt on the hole walls, which
sharply degrades the roundness—an effect that is particularly pronounced at the exit, where
debris ejection is more challenging. Conversely, as the speed is increased further, the energy
input per unit area diminishes. Consequently, the volume of melt generated is reduced.
The process thus transitions towards a “cold” ablation regime, which produces cleaner kerf
edges (as seen in Figure 8d). As a result, the roundness paradoxically improves.
a b
24
= entrance roundness 36 = exit roundness
224 i
20 i 324
g 18- g 281
Z 16 » 224+
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Figure 10. Effect of scanning speed on hole roundness: (a) entrance; (b) exit.



Metals 2025, 15, 893

10 of 18

3.3. Effect of Defocus Amount

The defocus amount, commonly denoted by the symbol Z, is defined as the distance
between the focal point of the laser beam and the surface of the workpiece during processing.
As illustrated in Figure 11, this can be categorized into three types: positive defocus (when
the focal point is above the surface), zero defocus (when the focal point is on the surface),
and negative defocus (when the focal point is below the surface). To investigate the
influence of this parameter, the defocus amount was varied from —0.2 mm to +0.2 mm
while all other parameters were kept constant. The specific experimental conditions are
presented in Table 4.

laser beam

A / |

'\
2>0 z=0 Z<0

Figure 11. Schematic diagram of defocusing distance.

Table 4. Defocusing distance parameters.

Laser Power/(%) Number of Scanning Defocusing
? Scans/(n) Speed/(mm/s) Distance/(mm)
80 25 25 -0.2/-0.1/0/0.1/0.2

Figure 12 presents images of the micro-hole morphologies obtained from laser drilling
experiments conducted at various defocusing distance. As depicted in Figure 13, the
optimal processing results, characterized by the minimum taper, are achieved when the
focal plane is positioned near the material surface. The rationale is that with zero or slightly
negative defocus, the power density incident on the material surface is at its maximum,
which facilitates highly efficient ablation. This high-intensity interaction minimizes thermal
diffusion time, leading to direct material vaporization with minimal molten phase, which
is the fundamental advantage of ultrashort pulse machining (Ttiinnermann et al., 2010) [29].
Simultaneously, as the beam propagates through the material, its energy remains sufficiently
high over a considerable depth, thereby ensuring effective material removal at the exit. This
ultimately yields a hole with a small difference between the entrance and exit diameters
and, consequently, the lowest taper. Conversely, when a positive defocus is employed, the
laser beam has already diverged by the time it reaches the material surface, resulting in a
larger spot size and lower power density. This leads to an enlarged entrance diameter. As
the beam penetrates deeper, it continues to diverge, causing a rapid attenuation of power
density. This hinders material removal at the bottom, preventing the exit diameter from
expanding effectively, which in turn leads to a sharp increase in taper. Similarly, when the
negative defocus is excessive, although the focal point is located inside the material, the
spot size on the surface is also enlarged. This reduces the initial ablation efficiency and is
likewise detrimental to forming an ideal hole profile.
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Figure 12. Effect of defocusing distance on hole morphology (a) Hole entrance before polishing.
(b) Hole exit before polishing. (c) Hole entrance after polishing. (d) Hole exit after polishing.
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Figure 13. Effect of defocusing distance on hole diameter and taper (a) Hole diameter. (b) Hole taper.

The variation of entrance and exit roundness as a function of the defocus amount is
presented in Figure 14. The optimal exit roundness is observed at a defocus of —0.1 mm,
whereas the best entrance roundness occurs at 0 mm. This phenomenon is fundamentally
attributed to the way the defocus amount alters the distribution of laser energy along
the material’s depth. At a defocus of —0.1 mm, the focal point is located beneath the
material surface. This causes the laser beam to converge within the material and reach
its peak energy density near the exit, which enables efficient and uniform penetration,
resulting in excellent exit roundness. However, the corresponding energy density at the
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entrance is relatively low, which is prone to causing uneven melting and thus poor entrance
roundness. At zero defocus (Z = 0), the energy density is maximized at the material surface,
leading to optimal ablation (as shown in Figure 12a). Consequently, the best entrance
roundness is achieved. However, the beam begins to diverge after passing through the
focal point, leading to a reduced energy density by the time it reaches the exit. This results
in insufficient and non-uniform melt ejection, which degrades the exit roundness. As
the defocus amount increases further in either the positive or negative direction, the spot
size on the material surface increases in both cases, reducing the energy density. This
lower fluence pushes the process from being ablation-dominated to melting-dominated
(Spiro et al., 2012) [30]. The process transitions from being ablation-dominated to melting-
dominated. The resulting accumulation of molten material and irregular recast layers
causes a significant deterioration in the roundness of both the entrance and exit.

Hole roundness/pm

0
= entrance roundness 20 - = exit roundness
18
-
£ 16 .
|} . \=<
2149 "
H
= 124
= [ |
=
o . S 10
)
S 84
==
| | 6 -
. ¥
1 1 1 1 1 2 1 1 1 1 1
0.2 0.1 0.0 0.1 0.2 —0.2 0.1 0.0 0.1 0.2

Defocusing distance/mm Defocusing distance/mm

Figure 14. Effect of defocusing distance on hole roundness: (a) entrance; (b) exit.

3.4. Effect of the Number of Scans

In this study, the number of scans is defined as the number of times the laser repeatedly
processes a fixed trajectory. For picosecond laser drilling, a micro-hole is not formed by a
single pulse but rather by a sequence of pulses with identical parameters. This multi-pulse
process is illustrated in Figure 15. To isolate the effect of this variable, the number of scans
was varied while all other process parameters were held constant. Specifically, the fixed
parameters were a laser power of 80%, a defocus amount of 0 mm, and a scanning speed of
25 mm/s. The experimental design and the corresponding data are detailed in Table 5.

Laser

Scan path =
\

Sample ——-

Figure 15. Schematic diagram of number of scans.
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Table 5. Number of scans parameters.

o Number of Scanning Defocusing
Laser Power/(%) Scans/(n) Speed/(mm/s) Distance/(mm)
80 20/30/40/50/60 25 0

Figure 16 presents images of the micro-hole morphologies obtained from laser drilling
experiments conducted at various number of scans. As depicted in Figure 17, with an
increasing number of scans, both the entrance diameter and the taper exhibit a sharp
upward trend, whereas the exit diameter changes more gradually. This is primarily because
at a lower number of scans, the laser energy is predominantly utilized for effective ablation
along the depth axis. The energy is just sufficient to penetrate the material, resulting in
a small heat-affected zone and consequently a nearly vertical hole with minimal taper.
However, as the number of scans increases significantly, the total injected laser energy rises
proportionally. This leads to a substantial expansion of the ablated zone and causes the
material removal mechanism to transition from pure vaporization to being dominated by
melt ejection. Particularly at the hole entrance, the repeated heating of a large volume of
molten material leads to a drastic expansion of the diameter. Meanwhile, with increasing
hole depth, the plasma shielding effect becomes more pronounced, where the generated
plasma plume can absorb and defocus the incident laser energy, partially attenuating the
laser energy that reaches the bottom [19]. Simultaneously, the ejection of molten material
becomes more difficult. This combination of factors restricts any further enlargement of the
exit diameter.

(b)

(c)

(d)

20 30 40 50 60

Figure 16. Effect of number of scans on hole morphology (a) Hole entrance before polishing. (b) Hole
exit before polishing. (c) Hole entrance after polishing. (d) Hole exit after polishing.
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Figure 17. Effect of number of scans on hole diameter and taper: (a) Hole diameter; (b) Hole taper.

Figure 18 reveals a clear trend: at 20 scans, the entrance roundness is superior, while
the exit roundness is extremely poor. As the scan count increases to 30, the exit roundness
improves significantly and then stabilizes at a high level, whereas the entrance roundness
begins to fluctuate and deteriorate. This phenomenon can be attributed to the following: at
a low number of scans, the total energy is barely sufficient to penetrate the workpiece. The
laser energy is severely attenuated by the time it reaches the exit, leading to incomplete
and non-uniform material removal and thus extremely poor roundness. Conversely, the
entrance benefits from low heat accumulation, resulting in a well-defined ablation profile
and therefore excellent roundness (as depicted in Figure 16a,b). When the scan count is
increased to 30, the cumulative energy becomes sufficient to achieve stable and uniform
material removal at the exit, causing a dramatic improvement in its roundness. However,
with further increases, the excessive energy accumulation begins to introduce adverse
effects at the entrance, such as an enlarged heat-affected zone, irregular melt spatter, and
recast material, which lead to the degradation of the entrance roundness. At an excessive
number of scans, overwhelming thermal effects and plasma instability simultaneously
impact both the entrance and exit, causing the roundness of both to deteriorate. Therefore,
a range of 30-50 scans represents an optimal process window. This range ensures sufficient
energy for complete penetration at the exit while avoiding the degradation of the entrance
morphology caused by excessive energy accumulation.
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3.5. Defect Control

Micro-hole defects have a severe adverse effect on the performance of superalloys.
In terms of mechanical properties, the presence of micro-holes significantly degrades the
material’s strength, ductility, and fatigue life. In the aerospace sector, the presence of such
defects in metallic aircraft components can lead to premature crack initiation and eventual
fracture, posing a severe threat to flight safety.

Based on the single-factor experiments, which revealed that a lower scan count is
beneficial for reducing hole diameter and taper, the number of scans was further reduced.
This process continued until the point of initial breakthrough, establishing a minimum
required scan count of 9. The morphology of the resulting holes was then examined using
a scanning electron microscope (SEM), as depicted in Figure 19.

9 20 30 40 50 60

Figure 19. SEM micrographs of hole entrance morphology under different numbers of scans.

Figure 19 displays the SEM micrographs of the hole entrances in a superalloy, pro-
cessed with varying scan counts (N =9, 20, 30, 40, 50, and 60) while other laser parameters
were held constant. As the number of scans increases, the presence of dross and spatter
around the hole orifice becomes increasingly pronounced. This aligns with observations in
other materials, where an increase in total energy input, whether through higher power or
more pulses, leads to a significant increase in the quantity of ejected debris and particles
(Lietal., 2016) [31]. At a low scan count of N =9, although an irregular, crown-like recast
layer is present at the hole rim, the surrounding substrate surface remains relatively clean,
with virtually no large, spherical spatter particles. As the scan count increases, a significant
amount of dispersed, spherical dross and spatter particles begins to appear around the
entrance, contaminating the component surface. This phenomenon is primarily attributed
to the limited total energy input at low scan counts. This results in a smaller volume of
molten material being generated. Concurrently, the plasma formed during the process
is less intense, and its associated recoil pressure and shockwave are insufficient to eject
molten droplets at high velocities over long distances.

The height of the recast material at the hole orifice was measured using a digital
microscope (Olympus, Tokyo, Japan) (as shown in Figure 17), with the results presented in
Table 6. The data indicate an upward trend in the recast material height with an increasing
number of scans. This finding aligns with the preceding analysis, whereby intense thermal
accumulation at high scan counts leads to the formation of a substantial volume of molten
metal in the processing zone. This principle, where excessive scanning passes directly
cause detrimental thermal accumulation, has been identified as a key factor in controlling
processing quality in other advanced materials like CFRP (Zheng et al., 2024) [32]. The
resolidification of this larger molten pool logically results in a thicker and more prominent
recast layer, as depicted in Figure 20.

9 20 30 40 S0 60

Figure 20. Resolidification height at hole entrance under different numbers of scans.
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Table 6. Resolidification height data.

Number of Scans/(n). Recast Layer Height/(um) *
9 90.1
20 131.6
30 181.2
40 143.5
50 152.2

*—Values represent the approximate maximum height of the irregular recast layer and are intended to show
a trend.

In conclusion, for applications involving turbine blades, a lower scan count is prefer-
able as it corresponds to a minimal total heat input. A low scan count (N = 9, 20) funda-
mentally controls the total heat input, thereby preserving the original microstructure and
properties of the superalloy substrate to the maximum extent possible. This significantly
mitigates the risk of micro-crack initiation and ensures the fatigue life of the turbine blades
under high thermal-cycling loads. This is a critical consideration, as studies on other brittle
materials have shown that picosecond laser processing can still induce thermal stress-
related defects like micro-cracks and edge fractures when processing parameters lead to
high heat input (Zhu et al., 2018) [33]. Furthermore, under the N =9 and N = 20 conditions,
the amount of recast material on the hole surface is minimal. Conversely, at N > 40, a
substantial amount of recast material is present at the orifice, and the surrounding area
is covered with extensive dross and spatter particles. These defects degrade the blade’s
surface finish and, during engine operation, severely disrupt the boundary layer airflow.
This leads to reduced cooling film effectiveness and increased aerodynamic losses.

4. Conclusions

This study systematically investigated the influence of key parameters—namely laser
power, scanning speed, defocus, and scan count—on the geometrical quality of micro-
holes trepanned in GH4169 superalloy using a picosecond laser. Based on the findings, an
effective defect control strategy is proposed. The main conclusions are as follows:

1. The quality of laser-drilled holes is governed by a complex interplay of process
parameters. Laser power and defocusing distance are the dominant factors for modulating
hole taper; an optimal energy distribution, achieved within the 80-90% power range and at
a defocusing distance of zero, is conducive to minimizing taper. However, a trade-off exists
for roundness optimization: while a zero defocusing distance benefits the entrance, a slight
negative defocusing distance is more effective for the exit. The influence of scanning speed
is more intricate, as both excessively high and low speeds are detrimental to roundness,
with the highest processing instability observed around 22 mm/s. Furthermore, the number
of scans plays a pivotal role. Increasing the number of scans can rectify poor exit roundness
caused by insufficient energy input, but an excessive number of scans leads to significant
thermal accumulation. This in turn causes a sharp increase in the entrance diameter and
taper, thereby degrading the entrance roundness.

2. A key finding of this study is that the optimal process parameters are highly
dependent on the specific quality metric being prioritized, highlighting the critical trade-
offs in the laser drilling process. For instance, to minimize hole taper, the ideal combination
is an 85% laser power, a scanning speed of 26 mm/s, a defocusing distance of 0.0 mm,
and a number of scans of 20. In contrast, achieving the minimum hole diameter requires a
lower power (75%) and speed (14 mm/s) while keeping the same defocusing distance and
number of scans. Furthermore, for applications demanding the highest exit roundness, the
process must be tailored again, utilizing 80% power, a high speed of 30 mm/s, a negative
defocusing distance of —0.1 mm, and a moderate number of scans (30-50).
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3. A positive correlation was confirmed between the scan count and both the height of
the recast layer and the extent of dross and spatter. High scan counts result in excessive
recast material at the hole orifice. Accordingly, this study proposes a defect control strategy:
utilizing the minimum scan count necessary to achieve workpiece breakthrough. This ap-
proach prioritizes the integrity of the substrate material by fundamentally reducing the total
heat input, thus minimizing recast layer and spatter defects to the lowest possible level.

From an industrial perspective, these findings directly address the limitations of con-
ventional machining, namely tool wear and thermal damage. Although the initial capital
cost of picosecond laser systems is significant, their value proposition in manufacturing
critical components like turbine blade cooling holes is undeniable. The proposed defect con-
trol strategy (using a minimal scan count) enhances both processing quality and efficiency,
leading to tangible economic benefits through reduced scrap rates and the elimination of
tool-related costs. Ultimately, this work establishes a practical manufacturing framework
that effectively bridges the gap between advanced laser technology and its high-quality
industrial application.
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