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Abstract

IN718 alloy, a typical nickel-based superalloy, is widely used in key components
such as turbine blades and combustion chambers in aircraft engines due to its
excellent high-temperature strength, creep resistance, and corrosion resistance.
However, the material's high-temperature strength, poor thermal conductivity,
and low plasticity lead to low efficiency in traditional machining and severe tool
wear. Laser processing, with its high energy density, non-contact nature, and
flexibility, is considered an effective method for machining micro-holes in
high-temperature alloys. However, laser micro-hole processing in air still faces
problems such as large hole expansion, rough hole walls, a large heat-affected
zone, and thick oxide layers. To address these issues, this paper introduces a wa-
ter-assisted environment and combines pulse delay technology to explore its ef-
fects and mechanisms in the micro-hole processing of IN718 alloy.

Keywords

Synergistic laser drilling, pulse-delay modulation; dynamic energy regulation;
micropore processing

1. Introduction

Microporous structures play a pivotal role in aeroengine turbine blades by providing
air-film cooling holes that alleviate thermal stress and improve high- temperature perfor-
mance [1,2]. These holes require diameters below 1 mm and depth-to-diameter ratiosex-
ceeding 13:1 to meet stringent cooling demands [3], and must be fabricated in
hard-to-machine superalloys such as Inconel 718 [4,5].Traditional drilling methods face
trade-offs: mechanical drilling and milling struggle with micron-scale precision [6], while
EDM and ECM achieve fine features but introduce thermal defects or consume large
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electrolyte volumes, raising environmental and cost concerns [7 - 10].Laser drilling, by
contrast, is non-contact [11] and largely material- independent [12]. At power densities
above 10' °W/cm?, ablation rates increase dramatically to support high- throughput
deep-hole machining [13]. However, high- power laser drilling often induces thick recast
layers and rough hole walls [14], and produces extensive heat- affected zones (HAZ) in
deep holes [15]. Thermal accumulation further degrades quality [16], and polarization ef-
fects exacerbate asymmetries, leading to poor roundness and irregular exit shapes [17].
Short- pulse and ultrashort-pulse lasers can reduce ther32412mal damage but are costly
and inefficient at industrial throughputs [18 - 20], whereas nanosecond lasers, though
more economical and higher in removal rate, tend to amplify polarization-induced irreg-
ularities [21 - 23].Research on laser pulse delay technology for micro-hole machining in
an air environment still faces challenges in avoiding processing defects. This is primarily
because, as the hole depth increases, the laser beam's incident angle relative to the hole
wall gradually increases, leading to a significant enhancement of the material's differen-
tial absorption of P-polarized and S-polarized light, which intensifies the asymmetric po-
larization absorption effect on the hole walls. This results in irregularities in the hole exit
morphology. Additionally, during processing in air, a large amount of oxide layer inevi-
tably forms on the hole walls, affecting the processing quality. Liquid-assisted technology
is an effective method to overcome laser polarization effects. By introducing the pro-
cessing environment into a low-oxygen liquid, it suppresses the occurrence of oxidation
reactions. When the laser focuses on substances in the solution, the liquid near the solid
surface undergoes superheating, generating a large number of gas bubbles. The bubble
clusters, through explosive boiling and rupture, release short light pulses and shockwaves,
which have a material removal and modification effect on the hole walls. However, when
combined with laser pulse delay technology, the specific effects of liquid-assisted laser

composite processing still need further in-depth verification.

2. Experimental details

2.1. Materials and equipment

Aerospace nickel-based alloy IN718 (20 mm X 20 mm X 1 mm) was selected for
machining. Prior to the experiment, the surface was polished using a metallographic
grinder and cleaned with an ultrasonic cleaner (KQ-50DE) to remove oxidation and
impurities. Elemental analysis revealed high concentrations of Ni, Cr, Fe, and Nb
(see Table 1). The chemical solution for the experiment was prepared by mixing 1
mol/L NaNO3 and 1 mol/L HCI with distilled water. All experiments were conducted
under controlled conditions in a class 1000 clean room at 25° C.The micromachin-
ing system included a nanosecond laser (IPG YLPN-1-100-200-R) with a wavelength
of 1064 nm, pulse width of 100 ns, power up to 200 W, and repetition frequency of
20-2000 kHz. The laser spot radius was 25 um with a beam intensity of 5.6
kW/mm?”. The system consisted of a beam expander, galvanometer scanning system,
and mirrors, with a scanning range of 175 mm X 175 mm. The Post-drilling, sam-
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ples were rinsed with alcohol and deionized water, then dried. Laser confocal mi-
croscopy (LCM) was used to assess hole profiles and surface morphology, while
scanning electron microscopy (SEM) analyzed the recast and oxide layers. Elemental
compositions were determined using x-ray energy spectrometry (EDS). Experi-
mental data represent the average of multiple measurements to minimize errors.

Table 1.1 Composition of nickel-based superalloy (IN718)
Element Ni Cr Fe Nb Mo Ti Co Cu Si Mn C

Wt.% 53.66 | 1841 | 179 | 492 | 287 | 096 | 0.34 | 0.13 | 0.09 | 0.08 | 0.03

2.2. The mechanism of pulse delay

Currently, most research focuses primarily on static laser drilling modes, with less
attention given to the dynamic characteristics during the drilling process, limiting
the optimization of micro-hole machining quality and efficiency. To mitigate the ad-
verse effects of high-energy laser output, this paper proposes a laser pulse delay
scanning drilling method. As shown in Figure 2, this method delays the laser pulses
to segment the energy output, adjusting the delay time between pulse bursts to dy-
namically control energy release. Two delay strategies were used in the experiment:
equal pulse number delay and unequal pulse number delay. In the equal pulse
number delay method, a fixed delay is set between pulse groups, resulting in a regu-
lar output, while in the unequal pulse number delay method, the number of pulses
per group and the delay time are adjusted to create a periodic cycling output. Unlike
altering the pulse repetition frequency, the pulse delay technique precisely controls
the timing of pulse energy output, ensuring the laser energy is fully utilized, thereby
optimizing the interaction between the laser and the material. During the laser pulse
delay scanning process, the laser scans along a concentric circular path from the
outermost circle inward, introducing delay after completing each concentric ring to
ensure each ring is fully processed. This avoids irregular shapes caused by improper
delays. This method improves the quality of micro-hole machining and optimizes
machining efficiency.
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Fig. 2 Schematic diagram of laser pulse delay action principle: (a) No delay; (b) Equal pulse num-
ber delay; (c) Unequal pulse number delay; (1) Pulse output schematic diagram; (2) Energy output

cumulative

3. Design of water-assisted laser pulse delay processing scheme

Flowing water generates more shockwave energy than stagnant water, making it
more effective in removing debris particles inside the hole. Two dynamic wa-
ter-assisted strategies were designed for the experiment, as shown in Figure 3.1:
top-facing water-assisted and back-facing water-assisted, both including two stages:
blind hole processing and through-hole processing. In the experiment, water flow is
circulated through a peristaltic pump, and the flow rate is precisely controlled using a
speed controller and flow meter to ensure a stable impact on the material surface.
The top-facing water-assisted nozzle is positioned above the workpiece, and dynamic
water flows at a certain angle and speed from top to bottom, forming a stable thin
water film on the workpiece surface. The nanosecond laser passes through the water
layer and then acts on the workpiece surface. Both stages quickly flush the hole wall
through the impact, with the main difference being the direction of the water flow in
removing the molten debris: during blind hole processing, the debris is ejected from
the top, while in through-hole processing, debris is ejected from both the upper and
lower surfaces. In back-facing water-assisted laser processing, the nozzle is posi-
tioned below the workpiece, and dynamic water flows at a certain speed from bottom
to top, with circulating water continually present on the lower surface. Unlike
top-facing water-assisted processing, during the blind hole stage, the upper surface of
the workpiece is directly exposed to air, and only after the through-hole is formed
does thewater flow from below into the microhole, participating in the laser compo-

C'—

site processing.

(al) (a2)

—
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Fig. 3.1 Water-assisted processing: (a) Upward jet water assistance; (b) Backward jet  water as-

sistance; (1) First stage: blind hole processing; (2) Second stage: through hole processing

4. Effect of back-facing water-assisted laser pulse delay pro-
cessing parameters

4.1. Effect of water layer position on micro-hole morphology

Liquid jets can be classified into free jet, impinging jet, and wall jet regions, with the
impingement and wall jet zones being the primary areas for forced convection. The
water layer position not only determines the thickness of the liquid layer and the
volume of liquid entering the micro-hole, but also directly influences the plasma
shockwave and cavitation effects, which affect the hole wall quality in water-assisted
laser processing.

The experiment used a hole diameter of 400 1 m, a filling distance of 20 1 m, repe-
tition frequency of 20 kHz, laser power of 200 W, scanning speed of 50 mm/s, 30
scanning passes, and a water flow rate of 30 L/h. The water surface was positioned 0
mm relative to the workpiece's lower surface focal plane, as shown in Figure 4.1(a).
The experiment explored the effect of different water layer positions on micro-hole
processing, with morphology results shown in Figure 4.1(b). During the second
stage of back-facing water-assisted processing (through-hole processing), water en-
ters the hole. At 0 mm water layer, less liquid enters the hole, and the oxide layer is
visible. At 0.5 mm, the best removal effect is achieved, with regular hole shape. Mi-
cro-hole dimensions are shown in Figure 4.1 (c1, c2), with a minimum taper of 2.06°
and roundness of 95.8%. As the water layer increases and aligns with the workpiece
upper surface, the taper change is minimal, but water splashing marks appear at the
hole entrance, indicating explosive boiling and pressure waves during laser pro-
cessing. When the water layer reaches 1.5 mm, the workpiece is submerged. Under
high-power laser conditions, the water absorbs more energy, causing rapid heating
and vaporization, leading to unstable processing with irregular ablation marks. The
flowing water causes focal point instability, resulting in a larger micro-hole entrance
and worse taper and roundness. In conclusion, the 0.5 mm focal plane position yields
the best results.
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Fig. 4.1 (a) Focal plane at different liquid layer positions; (b) Micro-hole entrance morphology
corresponding to different liquid layer positions; (cl) Variation trend of micro-hole diameter;(c2)

Variation trend of roundness and taper

4.2. The effect of defocus amount on micro-hole morphology

Material removal is achieved through the high energy density laser heat source
formed by the laser beam focused through a lens. The nanosecond laser energy ex-
hibits a Gaussian distribution in space, with the highest energy density at the focal
point after focusing. As shown in Figure 4.2(a), when the laser focus is on the
workpiece surface, it is defined as the focal plane, where the spot diameter is small-
est and laser energy is maximal. When the laser focus moves downward and the ac-
tual focus is below the material surface, it is considered a negative defocus state,
with the defocus amount being negative. When the laser focus is above the material
surface, it is a positive defocus state, and the defocus amount is positive. In
high-power laser processing, the refractive index of water is 1.33, but during the
actual process, the initial refractive index of the liquid is greater than that of air.
However, due to the presence of high-temperature and high-pressure steam or
plasma layers, the refractive index of steam and plasma is smaller than that of air,
which may cause further changes in the focal position. Therefore, the experiment
selected a water layer position of 0.5 mm and focal plane, laser power of 200 W, 30
passes, with the defocus range varying from -1 mm to 0.5 mm. Micro-hole dimen-
sions and morphology were compared at different focus positions.Figure 4.2(b)
shows the experimental results. When a positive defocus of 0.5 mm is applied, the
micro-hole shows a distinct conical shape with poor taper, as the laser focus is
above the workpiece, and the laser energy decreases with the increasing hole depth,
resulting in poor material removal on the lower half. When the defocus amount is
changed from a positive 0.5 mm to a focus on the workpiece surface at 0 mm, the
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micro-hole exit diameter increases significantly, and the micro-hole taper shows a
"transition" phenomenon with a noticeable reduction. The laser beam spot diameter
changes from defocused to focused, with more energy concentrated in a smaller ar-
ea, thereby improving processing accuracy and efficiency. At a defocus of -0.5 mm,
when the focus is at the workpiece center, the micro-hole sidewall profile is optimal,
with the minimum taper. However, as the laser focus continues to deepen, at a de-
focus of -1 mm, the laser focus is below the processing surface, causing the hole wall
to widen. This is because the laser beam spot diffuses on the workpiece surface, re-
sulting in a relatively low energy density per unit area, but a larger irradiated area.
This increases the contact area between the laser beam and the workpiece surface
during processing, causing the hole wall to widen. Additionally, negative defocus
leads to less concentrated energy, and the melted material may not fully vaporize or
be removed by the water flow, causing some areas of the hole wall to remelt and
form irregular, wider hole walls with lower quality. Experimental results show that
when the laser is focused inside the workpiece, the defocus amount near -0.5 mm

yields the smallest micro-hole taper and the best results.

laser laser laser

laser focal lengthi \' "‘ “; ,“
focusing lens focusing lens
focus position- +

FANS——

. . -1mm
positive defocus focus negative defocus
(@) (®)
Fig. 4.2 (a) Different focal planes; (b) Micro-hole wall morphology corresponding to different fo-
cal planes

4.3. Back-facing water-assisted laser pulse delay micro-hole morphol-
ogy analysis

The material removal is achieved through the high-energy density laser heat source
formed by the laser beam focused through a lens. The nanosecond laser energy ex-
hibits a Gaussian distribution in space, with the highest energy density at the focal
point after focusing. As shown in Figure 4.3(al), when the back-facing wa-
ter-assisted processing is performed without delay, the morphology is similar to
that in air, with a significant amount of molten debris (spatter) around the hole en-
trance. The entrance diameter is very large, and the expansion is obvious, resem-
bling a "bowl shape." Although no prominent recast layer like in air is observed,
numerous microcracks still exist. As seen in Figure 4.3(a2), intense oxidation oc-
curs at the entrance, resulting in a high oxygen content. This phenomenon is mainly

due to the lower water layer position, and during the first stage of blind hole pro-
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cessing with back-water method, the laser is violently output from the beginning,
repeatedly treating the entrance edge with laser etching, leading to severe heat ac-
cumulation, which damages the hole morphology and cannot be completely re-
paired. When the through-hole is formed and enters the second stage, water quickly
rushes through the exit, triggering a new material removal mechanism. The hole
walls and entrance experience strong cooling, creating local thermal stress and gen-
erating many microcracks. Additionally, due to the capillary effect, the water flowing
out of the micro-hole entrance carries some laser energy, thus increasing the mate-

rial removal rate at the entrance.

0 Kal 7 O Kal

[ rr-ee—|

[
500um

500um
Fig. 4.3 (a) Backward jet water assistance without delay; (b) Backward jet water assistance
with delay; (1) SEM image of micro-hole entrance morphology; (2) Oxygen element
distribution map

Using pulse delay, as shown in Figure 4.3(b1), intermittent energy output is
achieved from the beginning, controlling the processing intensity. The expansion of
the micro-hole entrance is minimal, and the hole diameter is well controlled. As the
through-hole forms, the laser energy distribution becomes more uniform under the
high thermal conductivity of water, and the recast layer is cleared again. The
amount of spatter is controlled and significantly reduced, leading to a more uniform
hole wall surface with fewer microcracks, significantly improving the hole wall
quality. As shown in Figure 4.3(b2), the oxygen content at the entrance is extreme-
ly low, and the thin liquid film formed on the material surface helps suppress
high-temperature oxidation, preventing the formation of excessive oxides.

The experiment compared the micro-hole wall morphology when back-facing wa-
ter-assisted laser processing was done with and without pulse delay. Without delay,
as shown in Figure 4.4(al-d1), the hole walls exhibited numerous etched pits

caused by cavitation bubble collapse, irregular recast layers, many microcracks, and
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re-deposition of ablation debris and re-solidified micro-particles on the surface. The
analysis shows that concentrated laser energy acting on the same area induces cav-
itation bubbles, suspended debris, and light scattering caused by turbulent liquid,
reducing the stability of laser beam transmission. The boiling phenomenon gener-
ates large-scale bubbles, and the bubbles cause a “shielding” effect on the laser,
resulting in diffraction phenomena. As the scanning continues, the bubble volume
increases, and when it reaches a certain size, strong scattering occurs at the cen-
ter-top of the bubble. This leads to very low processing efficiency, and strong dif-
fraction near the edges causes deflection in the laser’ s processing direction, re-
sulting in uneven etching on the hole wall. Furthermore, when the bubbles collapse,
they release high-intensity shockwaves, generating micro-jets that impact the mol-
ten or semi-solid material on the hole wall, accelerating local material removal and
forming small etching pits. The larger the bubble, the stronger the impact force upon
collapse, leading to deeper and more noticeable etching pits. The presence of flow-
ing liquid also causes the molten material to solidify in a dynamic environment, re-
sulting in irregular shapes. Pulse delay indirectly controls the laser repetition fre-
quency, suppressing the formation of large bubbles. The hole wall morphology
shown in Figure 4.4 (a2-d2) displays only a few etching pits at the upper end of the
micro-hole, with the rest of the hole wall having low roughness, and the molten sur-
face is relatively smooth. This is because the material melts, vaporizes, and explo-
sively generates gas flow in a very short time. After each delayed pulse burst, the
backpressure is very strong, and the vaporized and melted material is rapidly
ejected, increasing the splattering content. The existence of delay time also reduces
the temperature gradient between the base material and the molten material, re-
ducing the generation of microcracks in the weaker areas between dendrites. Pulse
delay also decreases secondary deposition of the molten material. Before the plasma
expands, the laser irradiation has stopped, allowing dissipation of plasma and debris,

improving the quality of micro-hole processing.

Fig. 4.4 Micro-hole wall morphology: (1) Backward jet water assistance without delay; (2)
Backward jet water assistance with delay; (a) Upper part; (b) Middle part; (c) Lower part; (d)
Bottommost part

The introduction of water flow further reduced the taper of the micro-hole, im-
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proved the roundness, reduced the heat-affected zone, and enhanced the micro-hole
morphology. Figures 4.5(al, b1) show a comparison of micro-hole morphology
with pulse delay in air and back-facing water-assisted processing. To better distin-
guish the recast layer and other remelted areas from the base material, a corrosion
solution was prepared by mixing anhydrous copper sulfate and hydrochloric acid in
alcohol. The polished hole wall was immersed in the chemical solution for 3 minutes,
followed by ultrasonic cleaning in alcohol. This chemical metallographic etching re-
vealed the recast layer region on the metal surface. This method does not remove
the oxide layer but exposes the appearance of the base material. As shown in Fig-
ures 4.5(a2, b2, a3, b3), the recast layer thickness of the micro-hole was signifi-
cantly improved under the influence of water assistance, and the area layering was
not apparent. Energy dispersive spectroscopy (EDS) was then used to analyze the
surface morphology, elemental distribution, and content of different recast layer re-
gions. In air, the recast layer had a higher oxygen content, concentrated near the
hole wall, while in the water-assisted element map, the oxygen content was very low.
The presence of water suppressed the oxidation reaction, reducing the recast layer
thickness.Further analysis of the back-facing water-assisted pulse delay processing
was performed at the hole wall positions (points A and B in Figure 4.5) to measure
the elemental content. The results, shown in Figures 4.5(c, d), indicate that the wa-
ter-assisted surface showed signs of incomplete removal. Some areas on the inner
hole wall still retained the unremoved oxide layer, particularly near the upper end
of the micro-hole, which is closer to the air, where full suppression could not be
achieved. However, at the lower end of the micro-hole, the oxygen content was ex-
tremely low. This is closely related to the water layer position and the jet direction;
the oxygen from the air could not penetrate deeply at the lower end of the hole,
making the hole wall relatively uniform without the presence of the oxide layer. To

address this defect, further removal should be considered.
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Fig 4. 5 Micro-hole wall morphology analysis after metallographic etching: (a) Pulse delay in
air; (b-d) Pulse delay with backward jet water assistance; (1) Overall view of the hole wall; (2)

Local magnified image; (3) Oxygen element distribution map

5. Conclusion

This study proposes a water-assisted laser processing technology and develops two
water-assisted processing schemes: top-facing water-assisted and back-facing wa-
ter-assisted. Both schemes were tested with and without pulse line delay, and a
comparative analysis was conducted to determine the optimal scheme. The effects
of ablation threshold, water layer position, and defocus amount on back-facing wa-
ter-assisted laser pulse delay drilling were explored. The orthogonal experimental
method was used to optimize the process parameters, ultimately achieving the best
micro-hole morphology. The main research findings are as follows: The micro-hole
morphology obtained from back-facing water-assisted pulse delay processing ex-

hibited the best hole entrance shape, with no obvious recast layer, spatter, or other
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defects. The oxygen content at the entrance was significantly reduced, the hole wall
was smooth, and the roughness was low. The pulse delay mechanism reduced the
temperature gradient between the substrate and the molten material, thus decreas-
ing the possibility of microcracks in the weaker areas between dendrites. Addition-
ally, this strategy reduced the secondary deposition of the molten material, as laser
irradiation ceased before plasma expansion, allowing the plasma and debris to dis-
sipate, which reduced the recast layer thickness and improved the micro-hole pro-
cessing quality. However, a portion of the oxide layer remained at the upper end of
the micro-hole, while the oxide layer at the lower end was almost completely re-
moved.
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