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Abstract
Drilling film cooling holes (FCHs) thatmeet the stringent quality standards was a challenging task in aeroengine component 
manufacturing. This study aims to enhance the geometrical quality characteristics, such as hole taper and circularity, in the 
course of laser trepan drilling (LTD) of a 0.68-mm-thick IN792 superalloy while maintaining high processing efficiency 
and laser utilization. The linear correlation between the number of feeding times and entrance diameter has been confirmed, 
indicating that the diameter increases proportionally with the feeding times. This provides a useful reference for precise 
control of hole drilling geometry. By optimizing the scanning path and appropriately reducing the number of nested circles, 
machining efficiency improved. In addition, a variety of hybrid optimization strategies have revealed that moderately increas-
ing the number of single-layer scanning times and adjusting the number of feeding times are key factors in establishing a 
suitable hole reaming process to improve machining quality and precisely control geometry. Finally, EDS analysis proved 
that only a small amount of oxygen was enriched at the orifice after removing oxides via oxidative ablation. Additionally, 
there were no heat-affected zones, oxidation zones, or recast layers.
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1  Introduction

Laser machining has been favoured in several industries, viz., 
medical, chemical, automobile and aerospace industries, due 
to many advantages, such as a highly precise machining 
rate, high flexibility, repeatability and high operation speed 

[1–5]. Laser drilling has been widely adopted in the aero-
space industry and is currently an established technology 
for manufacturing film cooling holes (FCHs) in aeroengine 
blades and nozzle guide vanes due to its capability to drill 
difficult materials, such as superalloys and ceramics [6–8].

The FCH diameter is generally 0.1–1.25 mm, the hole 
diameter tolerance is 0.1 mm, the position tolerance is 0.1 to 
0.15 mm, and the recast layer thickness is less than 0.02 mm 
[9]. The common processing strategies used for hole drill-
ing include laser percussion drilling (LPD) and laser trepan 
drilling (LTD). In LPD, laser pulses are repeatedly deliv-
ered at a single point to produce a hole, and the hole size 
is changed with the input power and focusing adjustments. 
Nevertheless, large or noncircular holes, such as FCHs, are 
usually drilled by LTD, and the holes are cut by moving 
the workpiece or moving the laser beam. In LTD, the work 
material is targeted by a high-intensity laser beam with a 
microbeam spot, contributing to more than high power den-
sity or heat flux that can melt and/or vaporise all the targets 
[10, 11]. The advantage of LPD over LTD is the reduction 
in processing time, while the latter has the benefit of less 
amount of spatter and the thickness of the recast.
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In the laser drilling of FCHs, high precision, high qual-
ity and high efficiency have always been the three major 
problems to be solved; nevertheless, quality always conflicts 
with the processing efficiency. Traditional long-pulsed laser 
systems (milliseconds and nanoseconds) can always gener-
ate high ablation rates but induce defects, such as tapers, 
spatter deposition, recast layers and HAZ, which results in 
unreliable quality and reduced accuracy [12]. Instead, ultra-
short pulse laser systems (picosecond or femtosecond) can 
improve the hole-drilling quality for the extremely short, 
intensive laser pulses and fast interaction between the laser 
beam and the material [13]. Under optimal conditions, ultra-
short pulse laser ablation is not associated with residual 
melting and thus exhibits a clean finish. However, the mate-
rial removal rate is low and in the range of 10–200 nm per 
laser pulse [7, 14]. In contrast, the material removal rate of 
millisecond laser drilling can exceed 1 mm and even 2 mm 
per laser pulse, which can be in the range of approximately 
103–105 times the ultrafast laser drilling efficiency [15, 16]. 
Due to the high machining precision requirements of FCHs, 
the thermal effect cannot be effectively constrained with tra-
ditional long-pulsed laser systems. Therefore, the current 
issue and challenge consists of effectively improving the 
processing efficiency of ultrashort pulse laser systems while 
ensuring machining precision and quality to meet the need 
and requirements for industrial applications [17].

LTD is progressively becoming the choice for precision 
drilling, but it has certain disadvantages, such as its high 
machining cost in the course of the process [18]. Several 
approaches have been implemented to improve the efficiency 
and precision of LTD, such as multistep machining strategies 
and dual-beam laser micromachining systems with different 
pulse lasers. Combining the advantages of traditional laser 
systems with ultrashort laser systems, Wang et al. [12] pro-
posed a two-step drilling method on thermal barrier-coated 
nickel base alloys. Specifically, through holes were initially 
fabricated by a millisecond laser and subsequently refined by 
a femtosecond laser, and finally, drilled holes of high quality 
were obtained. Lin et al. [19] developed a dual-beam laser 
micromachining system consisting of a femtosecond laser 
and a nanosecond laser to enhance the ablation efficiency. 
Experiments were conducted in different materials, includ-
ing dielectrics, semiconductors and metals. The material 
removal efficiency was found to increase in the dual-beam 
process for all materials being studied compared to a fem-
tosecond laser or a nanosecond laser alone, particularly for 
dielectrics. Ito et al. [20] demonstrated the ultrafast precision 
drilling of glass by coaxially focusing a single femtosecond 
laser pulse and a fibre laser pulse, and the drilling speed 
was 5000 times faster than that of conventional femtosec-
ond laser drilling. Jia et al. [21, 22] used a combined pulse 
laser (CPL) method for drilling alumina ceramic with an 
initial nanosecond pulse train that first irradiated the sample, 

followed by a millisecond pulse train irradiated at the same 
position with a certain delay. Experimental results demon-
strate the pretreatment of the initial nanosecond pulses could 
strengthen the performance of the subsequent millisecond 
pulses to diminish the diameter and cracks of the hole. Qin 
et al. [23] studied the principle of material removal and the 
process of hole formation during drilling with combined 
millisecond and nanosecond laser pulses, and the drilling 
efficiency was improved by the CPL method. The dual-beam 
system and multipulse combined laser-machining system can 
improve the quality and efficiency of hole machining, but 
they will produce secondary machining errors, which does 
not meet the required high-efficiency and high-precision 
machining of FCHs. Similar to laser-composite processing 
with different pulse widths, other processing methods can 
also be reasonably combined to achieve high-quality FCH 
processing while capitalizing on their respective advantages, 
such as laser-based hybrid/cross/assisted drilling techniques 
[5, 24, 25], as shown in Table 1.

For the microhole processing of different materials, the 
detailed information of some studies is shown in Table 1. 
Among existing laser hybrid drilling methods, the assis-
tance strategies include ultrasound, multienergy fields, 
electrochemistry/chemistry and solution-assisted meth-
ods. Of these, the solvent-assisted method mainly utilizes 
water, inorganic acids, alkalis and organic solvents as the 
machining environment medium. For both simultaneous 
processing and postprocessing of chemical liquids, waste 
liquid treatment and recovery must be considered to ensure 
a green and pollution-free drilling process, which increases 
the cost of drilling. Additionally, the hole drilling strategy 
mostly uses percussion drilling, which is not suitable for 
processing large or noncircular holes. This type of research 
proves that the method of composite processing can improve 
the processing quality or efficiency, but the majority of the 
composite methods need to change the processing motion 
platform and install the unit of composite control, which 
increases the processing cost and is not conducive to indus-
trial application.

The high-efficiency and high-precision machining of air 
film holes still faces many challenges concerning the reli-
ability and the consistency control. Due to the high cost of 
laser processing, laser-relevant process variables and their 
effects have always been the key to obtaining the required 
features and maintaining cost-effectiveness. At present, 
the processing strategies, the laser source and the process-
ing methods still need researchers to innovate process-
ing methods, improve processing techniques and develop 
processing equipment. Therefore, we proposed a two-step 
femtosecond laser drilling method with LTD [45], includ-
ing the through hole machining phase and the precise hole 
modifying phase, and the drilling schematic diagram of the 
method is shown in Fig. 1. Through in situ secondary hole 
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reaming, the processing quality of the hole can be signifi-
cantly improved while avoiding secondary errors, but the 
machining efficiency and laser energy utilization ratio need 
to be improved. Then, the following work focused in-depth 
research on this issue. Specifically, the influence mechanism 

of important processing parameters (feeding times, circle 
numbers of nested circle scanning) on hole machining was 
studied, for maximizing the use of laser ablation depth and 
area, exploring the best processing strategy and improving 
efficiency while controlling the precise geometry.

Table 1   The partial list of studies on laser-based hybrid/cross/assisted drilling techniques

Laser-based hybrid/cross/assisted drilling techniques Laser source Drilling material Drilling strategy Ref

Ultrasonic-assisted laser drilling Millisecond laser Nickel superalloy GH4037 Percussion drilling [7]
Millisecond laser Chromium–nickel stain-

less steel 304 (SS304) 
sheets

Percussion drilling [26]

Millisecond laser Nickel superalloy GH4037 Single-pulse drilling [15]
Femtosecond laser Copper substrate Percussion drilling [27]

Electric field assisted laser drilling Millisecond laser Titanium alloy TA2 Percussion drilling [28]
Electrochemical assisted laser drilling Nanosecond laser Nickel superalloy IN718 Percussion drilling [29, 30]

Millisecond laser Nickel superalloy IN718 Trepan drilling [31]
Solvent-assisted laser drilling Water Millisecond laser Alumina ceramics Percussion drilling [32]

Waterjet Nanosecond laser Nickel-based single crystal 
turbine blades

Percussion drilling [33]

Water and methanol Nanosecond laser Silicon carbide Trepanning [34]
Deionized water, KOH and 

HF solution
Femtosecond Laser Silica Percussion drilling [35]

Methanol, ethanol and iso-
propanol

Femtosecond Laser Silica Percussion drilling [36]

Water and additional use of 
ultrasonic wave agitation

Femtosecond Laser Glass Percussion drilling [37]

NaCl solution Nanosecond laser Stainless steel 316 Percussion drilling [38]
H3PO4 solution Nanosecond laser Nitinol Percussion drilling [39]
Mixed solution of HCl and 

NaNO3

Nanosecond laser Nickel superalloy IN718 Percussion drilling [40]

Laser drilling and chemical 
etching (post-processing)

HF acid solution Femtosecond Laser Silica Percussion drilling [41]
Mixed solution of HF and 

HNO3

Femtosecond laser Silicon carbide Percussion drilling [42, 43]

HF acid solution Femtosecond laser Photosensitive glass Percussion drilling [44]

Fig. 1   The drilling schematic diagram of the two-step method
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2 � Experimental details

2.1 � Workpiece material

The chemical composition of nickel-based superalloy 
IN792 used in this work is listed in Table 2. The material 
used was a sheet of 0.68 mm thickness and 20 mm × 20 mm 
in size. Holes with diameters of 0.60 mm were set to be 
processed in the experiments, and drilling was performed 
with the same machining parameter for each row to reduce 
error. Each row had 8 holes, and the experimental average 
was taken.

2.2 � Experimental setup

The femtosecond laser micromachining system consisted 
of various subsystems, such as the laser source, the unit of 
beam delivery, the module scanning galvanometer, the moni-
toring system, the high-precision five-axis positioning and 
the motion platform. The laser used in the experiments was a 
femtosecond laser device (Monaco, Coherent), and the laser 
beam was focused on the IN792 sample surface by the field 
lens through the beam expander (Jenoptik, 2 ~ 10 ×), mir-
ror and scanning galvanometer (Scanlab IntelliSCAN14). 
The schematic diagram and detailed specification of the 
micromachining system are shown in Fig. 2 and Table 3. As 
shown in Fig. 3, the laser beam rotates along the circumfer-
ence of the hole, and the scanning path is nested circular 
scanning from inside to outside, as shown in Fig. 3 (a). Fig-
ure 3 (b) shows the surface morphology of laser processing.

2.3 � Evaluation of hole quality characteristics

In the course of hole machining, the machining quality 
of the hole can be roughly observed by CCD in real time, 
which is convenient to adjust the process parameters in time. 
After the completion of the experiments, the microscopic 
views and microstructure of the cross-sectional holes were 
observed by means of laser scanning confocal micros-
copy (LSCM, VK-X1000, Keyence) and scanning electron 
microscopy (SEM, S-3400N, Hitachi). The hole circularity 
at the entrance and exit and the hole taper were measured. 
Hole circularity (HC) was calculated using Eq. (1) by meas-
uring diameters at different points and dividing the minimum 

Table 2   Chemical composition 
of IN792 alloy

Element Cr Co Mo W Al Ti Ta B Zr C Ni

wt.% 12.4 9.2 1.9 3.9 3.5 3.9 4.2 0.016 0.018 0.07 Balance

Fig. 2   Schematic diagram of the 
micromachining system

Table 3   Specification of drilling setup

Specification Description

Wavelength 1035 ± 5 nm
Average output power  > 40 W @ 1 MHz
Energy per pulse  > 40 μJ over entire 

out rep rate range
Pulse repetition rate range Single shot to 1 MHz
Spatial mode TEM00 (M2 < 1.2)
Pulse width 400 ~ 10 ps
Focal spot diameter 16 μm
Focal length 100 mm
Focus depth 0.1 mm
Single scanning range 45 mm × 45 mm
Scanning speed of galvanometer  ≤ 3000 mm/s
Scanning accuracy of galvanometer  ≤  ± 5 μm
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diameter (Dmin) by the maximum diameter (Dmax). The taper 
angle (TA) was calculated by Eq. (2), where T is the sample 
thickness and Dentrance and Dexit are the entrance and exit 
diameters, respectively:

3 � Results and discussion

3.1 � The influence of feeding times on hole 
machining accuracy

To further accurately control the geometry of the machin-
ing hole and optimize the two-step machining strategy, the 
influence of the feeding times on the process of hole form-
ing was studied. According to previous research results 
[45], hole machining was performed following a nested 
circular scanning path (inside-out) and with an axial 
feed method. The preset processing hole diameter was 
0.6 mm, and the intervals between scanning lines were set 
to 0.01 mm. The feeding times was increased from 1 to 8, 
and the surface morphology and the dimensional accuracy 
of the hole entrance and exit were observed in detail. As 
shown in Fig. 4, after the first feeding (Fig. 4(a)), the depth 
of the blind hole was almost 0.20 ~ 0.30 mm; after the sec-
ond feeding (Fig. 4(b)), the through hole formed, and the 

(1)HC =
D

min

D
max

× 100%

(2)TA = arctan
D

entrance
− D

exit

2T

entrance was regular and circular, but the exit was irregu-
lar; then, as feeding times increased (Fig. 4(c–h)), the hole 
circularity at the entrance and exit gradually increased, 
and the ellipticity of exit gradually decreased. The analysis 
and observation of the changes in the entrance diameter 
illustrated that the diameter linearly and directly corre-
lated with the number of feedings; the change is shown 
in Fig. 5a, and the slope after linear fitting was 5.0595 
(Fig. 5b). In a certain range, the change in the inlet diam-
eter with the number of feeding can be calculated with the 
following equation, y = 5.0595x + 598.75, where x is the 
number of feeding times and y is the entrance diameter. 
Besides, the exit is prone to from oval shape as shown in 
Fig. 4(c2–h2), and the diameter changes in the long axes 
and short axes with the number of feeding times shown in 
Fig. 5 c and d. Due to scanning errors of the galvanometer 
and energy loss caused by constant refraction and reflec-
tion of the laser in the hole during axial feeding, differ-
ences in exit size accumulate continuously in both direc-
tions. As a result, the growth rate of the diameter of the 
long axis is less than that of the diameter of the short axis 
with the increase of the number of feeding times, and the 
hole circularity of the exit is continuously optimized, as 
shown in Fig. 4(c2–h2). According to the above analysis, 
the linear relationship between feeding times and entrance 
can provide a theoretical basis for the shape control of 
nickel-base superalloy drilling, but simply increasing the 
feeding times will make the entrance diameter deviate 
from the preset size gradually and increase the hole taper, 
so that high-quality hole machining cannot be realized. It 
is necessary to optimize other parameters at the same time 
to achieve the purpose of precise shape control.

Fig. 3   The laser trepan drilling 
method: (a) the scanning path 
and (b) the surface morphology 
of laser processing
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3.2 � The influence of optimizing the circle number 
of nested circle on drilling efficiency

The proposed two-step method includes the through hole 
machining phase and the precise hole-modifying phase. In 
the initial research, to ensure the formation of the through 
hole, the initial diameter of the nested circle scanned from 
inside to outside was 0.02 mm and was simultaneously 
increased to 0.6 mm in 0.01-mm increments. Then, this 
femtosecond laser trepanning method with a nested circular 
scanning path was not only time-consuming but also had a 
low laser utilization rate. However, as shown in Fig. 3(b), 
provided that the drilling process parameters are not accu-
rate (especially if the circle number of the nested circle 
is too small), the area in the middle of the hole cannot be 
ablated by the laser, and it consequently cannot be cut off 
along the circular trajectory, which prevents the formation 
of the through hole. In addition, in the repair stage after 

the formation of the through hole, the repeated scanning 
of the through area that has been ablated by the laser will 
reduce the laser utilization rate and the processing efficiency. 
Therefore, accurately determining the starting circle diam-
eter and maximizing the laser utilization rate to complete the 
through hole processing phase and the modifying phase are 
very important. As shown in Fig. 6a–h, the number of scan-
ning circles in the nested circular scanning path was gradu-
ally reduced to improve laser processing efficiency, and the 
impact of this reduction on hole drilling was investigated. In 
addition, the preset machining diameter was 0.60 mm, and 
since the spot diameter was 0.016 mm, the actual ablation 
diameter of the hole after laser ablation was nearly 613 μm, 
as shown in Fig. 6i.

According to the scanning path in Fig. 6, the entrance 
and exit morphology under different scanning turns was 
observed, as shown in Fig. 7, and the geometry profile is 
shown in Fig. 8. The machining scanning path (a–f) can 

Fig. 4   Surface morphology of the hole entrance and exit under differ-
ent feeding times: (a) feeding 1 time; (b) feeding 2 times; (c) feeding 
3 times, (d) feeding 4 times, (e) feeding 5 times, (f) feeding 6 times, 

(g) feeding 7 times and (h) feeding 8 times. The first and third lines 
are the entrance, and the second and fourth lines are the correspond-
ing morphology on the exit side of the holes
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be processed into a through hole. When the scanning turns 
were not enough, such as track (g, h), the ablated material 
cannot be completely separated from the base material, some 

unmelted materials are connected to the base material, and 
the through holes cannot be formed, as Figs. 7(g2, h2) and 
8(g, h) show. Combining the hole morphology in Fig. 7 and 

Fig. 5   Variation of entrance and 
exit diameter with an increase 
of the feeding times: a the vari-
ation of entrance diameter, b the 
fit plot line of a, c the varia-
tion of exit diameter of short 
axis and d the variation of exit 
diameter of long axis

Fig. 6   The schematic diagram of the nested circular scanning path 
(inside-out): a nesting circle diameter from 0.02 to 0.6 mm, b nesting 
circle diameter from 0.06 to 0.6 mm, c nesting circle diameter from 
0.1 to 0.6 mm, d nesting circle diameter from 0.2 to 0.6 mm, e nest-

ing circle diameter from 0.3 to 0.6 mm, f nesting circle diameter from 
0.4 to 0.6 mm, g nesting circle diameter from 0.46 to 0.6 mm, h nest-
ing circle diameter from 0.5 to 0.6 mm and i the surface morphology 
of the drilling hole after one laser scanning
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the hole geometry (a–f) in Fig. 8 illustrates that when the 
diameter of the inner circle of the trepanning circle was in 
the range of 0.02 ~ 0.40 mm, the impact on hole drilling was 
small, and the hole geometry did not markedly change. For-
tunately, after reducing the number of scanning turns, the 
processing time markedly decreased, from 92 to 58 s, and 
the processing efficiency increased by 36.9%, as shown in 
Fig. 9. By studying the influence of the circle number on 
hole drilling, it can provide a theoretical basis for determin-
ing the scanning path and the circle number of the through 
hole machining phase and the precise hole-modifying phase. 
It follows that optimizing the processing technology, such as 
selecting the appropriate scanning path and the number of 
scanning turns, can significantly shorten the processing time 
and reduce the processing cost while ensuring the drilling 
quality, which is more conducive to industrial production. 

These research results are not only applicable to the two-step 
method proposed, but also applicable to most of the trepan-
ning process technologies.

3.3 � Optimization of the two‑step laser trepanning 
strategy

On the basis of previous research, the influence of feeding 
times and circle numbers of scanning path on hole machin-
ing has been clearly defined; this section will upgrade the 
two-step drilling method by adjusting the parameters that 
have a greater impact on the processing quality to improve 
the trepanning strategy and, ultimately, machining accuracy, 
machining efficiency and laser utilization. The technological 
parameters of the two-step method before optimization are 
shown in Table 4. A series of process optimization studies 

Fig. 7   Surface morphology of entrance and exit holes processed 
under different nested circular scanning paths: (a) nesting circle 
diameter from 0.02 to 0.6 mm, (b) nesting circle diameter from 0.06 
to 0.6 mm, (c) nesting circle diameter from 0.1 to 0.6 mm, (d) nest-
ing circle diameter from 0.2 to 0.6  mm, (e) nesting circle diameter 

from 0.3 to 0.6 mm, (f) nesting circle diameter from 0.4 to 0.6 mm, 
(g) nesting circle diameter from 0.46 to 0.6 mm and (h) nesting cir-
cle diameter from 0.5 to 0.6  mm. The first and third lines are the 
entrance, and the second and fourth lines are the corresponding mor-
phology on the exit side of the holes
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yielded the important factors that affect the machining qual-
ity and precision, and some typical experiments are selected 
for illustration. The first step was to machine through holes 
followed by post-processing. In the subsequent steps, the 

processing focus was lowered, and the processing accuracy of 
the prefabricated hole bottom was modified and improved by 
increasing the single-layer scanning times, reducing the num-
ber of circumscribed circles and reducing the scanning speed, 

Fig. 8   Geometry profile of the 
holes processed under different 
nested circular scanning paths: 
(a) nesting circle diameter 
from 0.02 to 0.6 mm, (b) nest-
ing circle diameter from 0.06 
to 0.6 mm, (c) nesting circle 
diameter from 0.1 to 0.6 mm, 
(d) nesting circle diameter from 
0.2 to 0.6 mm, (e) nesting circle 
diameter from 0.3 to 0.6 mm, 
(f) nesting circle diameter from 
0.4 to 0.6 mm, (g) nesting circle 
diameter from 0.46 to 0.6 mm 
and (h) nesting circle diameter 
from 0.5 to 0.6 mm

Fig. 9   Laser drilling time under 
different nested circular scan-
ning paths
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which finally improved the laser utilization rate by optimiz-
ing the processing strategy. According to the results in “The 
influence of feeding times on hole machining accuracy” and 
“The influence of optimizing the circle number of nested 
circle on drilling efficiency”, the scanning path of Fig. 6e is 
selected for the first step of machining in order to ensure that 
the through hole machining and the dimensional accuracy of 
the hole entrance meet the expectations. After four times of 
feeding, the exit diameter is about 0.49 ~ 0.57 mm according 
to the machining results in Fig. 5c, d. Thus, the scanning 
path shown in Fig. 6(f) is selected to ensure the accuracy of 
hole modifying and the consistency of results. Moreover, the 
hole machining parameters and the drilling time correspond-
ing with different strategies are shown in Table 5, and the 
quality characteristic parameters are also listed, which were 
calculated according to Eqs. (1) and (2).

Figures 10 and 11 present the geometry profile and the 
surface morphology of the entrance and exit holes processed 
under different processing strategies. Strategy (a) is the first 
step of the process, and the others are multistep process. 
The hole machining quality and accuracy were significantly 
improved after post-processing optimization, especially 
the circularity and machining size of the exit. Comparing 
the processing results of strategy (b) and strategy (c) found 
that increasing the single-layer scanning times is better than 
increasing the feeding times in trepan drilling, as shown in 
Figs. 10 and 11. In strategy (b), the single-layer scanning 

time was increased to 100, and the material still could not 
be completely discharged; even if the feeding times were 
increased, the processing effect was not as good as in strat-
egy (c). In strategy (c), setting the laser focus at the bot-
tom of the material and increasing the single-layer scanning 

Table 4   The processing parameters of the two-step method on 0.68 mm thick IN792 sheets before optimization

Processing 
parameters

Nesting scanning 
circle diameter (mm)

Scanning 
speed (mm/s)

Feeding 
times

Single-layer laser 
scanning times

Inlet circularity Outlet circularity taper angle (°)

Step 1 0.02 ~ 0.6 300 4 80 99.6% 98.0% 2.0–3.3
Step 2 0.02 ~ 0.6 300 4 120

Table 5   The hole-machining parameters and quality characteristic parameters with different processing strategies on 0.68-mm-thick IN792 
sheets

The data in bold represent the optimal processing strategy

Nesting scanning circle 
diameter (mm)

Scanning 
speed (mm/s)

Feeding times Scanning times of 
each layer

HCentrance (%) HCexit (%) TA (°) Drilling 
time (s)

Strategy (a) 0.3 ~ 0.6 300 5 80 99.2% 88.1% 2.2 ~ 5.1 36

Strategy (b) 0.3 ~ 0.6 300 5 80 99.3% 98.3% 2.1–2.7 156
0.4 ~ 0.6 100 10 100

Strategy (c) 0.3 ~ 0.6 300 5 80 99.4% 99.1% 1.6 ~ 2.3 112
0.4 ~ 0.6 100 5 120

Strategy (d) 0.3 ~ 0.5 300 5 80 99.6% 98.0% 2.0 ~ 2.7 103
0.4 ~ 0.6 100 5 120

Strategy (e) 0.3 ~ 0.6 300 5 80 99.5% 98.8% 2.2 ~ 2.4 161
0.4 ~ 0.6 100 5 100
0.4 ~ 0.6 100 5 120

Fig. 10   Geometry profile of the holes processed under different mul-
tistep processing strategies (corresponding to different processing 
strategies in Table 5): strategy (a) is the one-step process; strategies 
(b), (c) and (d) are the two-step processes; and strategy (e) is the 
three-step process
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times to 120 improved the processing effect, which is more 
conducive to removing material and reaming a more accu-
rate orifice. Furthermore, to improve the utilization rate of 
the laser energy, strategy (d) first machining through holes 
with small diameters and then modify the holes. Experi-
ments show that the exits and entrances processed with this 
method are smaller and not ideal, and the taper is larger than 
that of strategy (c), indicating that the through hole phase 
of the first step requires machining the entrance with preset 
size. The small entrance hinders the incidence of the laser 
and affects the hole drilling accuracy. In addition, strategy 
(e) is a three-step process, and the second and third steps are 
both the modifying phase. The experimental results show 
that although two-step reaming can improve the circularity 
of the entrance and exit, excessive repeated ablation will 
continue to expand the hole, resulting in an increase in the 
hole taper, and the processing effect is also not as good as 
that of strategy (c). In this experiment, strategy (c) was the 
optimal processing technology. Compared to the two-step 
process before optimization in Table 4, fewer scanning turns 
(with a diameter of 0.3 ~ 0.6 mm, 0.4 ~ 0.6 mm) were used 
to improve the processing efficiency (112 s), and increasing 
the scanning times of a single layer optimized the machin-
ing quality and accuracy of the lower part of the holes to the 
maximum extent and achieved the expected effect. There-
fore, according to the thickness of the processing materials, 
moderately increasing the single-layer scanning and feeding 
times to find the appropriate modifying technology is the key 
to improving machining quality and machining accuracy.

3.4 � Effect of laser ablation on base material 
characteristics in drilling process

During the infrared laser drilling process, the material is 
removed by hot melting to form holes. At the same time, 

the instantaneous high energy and heat will have a thermal 
influence on the base material, resulting in defects, such as 
recast layers, HAZ, microcrack and oxide layers. In order to 
verify the high-quality machining characteristics of two-step 
drilling, SEM was used to characterize the orifice morphol-
ogy of femtosecond laser-processed blind holes and through 
holes; spot scanning of the EDS method was used to ana-
lyse the main elements and atomic percentages in different 
regions. At the same time, the line scanning method was 
used to characterize the line distribution of element content 
in the direction from the orifice to the base material. First, 
spot scanning was performed on the interior of the blind 
hole and surface of the base material, and the EDS results 
are shown in Fig. 12. Figure 12 (a1) is the main element 
composition content map of point A that represents the base 
material, and Fig. 12(a2) is the main element composition 
content map of point B that represents ablative products that 
have not been discharged in time from the blind hole. Ana-
lysing the content changes of the main elements Ni, Cr, Fe 
and O shown that the oxygen content in the incompletely 
removed part of the hole increased by approximately 22% 
compared with the base material, which further verified that 
the femtosecond laser trepanning removes material by oxida-
tive ablation. In the line scanning result of Fig. 12(a3), the 
oxygen content gradually decreased from the orifice to the 
base material, indicating that the oxidation zone of femto-
second laser processing was very small, only a few microns. 
In addition, a line-scanning test was also performed on the 
orifice of the through hole extending to the base material, 
which also showed that the oxygen content was essentially 
constant (Fig. 12(b1)). The generation of material oxides is 
the main source of oxygen. To further analyse the thermal 
influence on the base material inside the hole wall, the hole 
was cut sideways, and the hole cross section was observed 
in detail by SEM. As Fig. 13 shows, HAZ and microcrack 

Fig. 11   Surface morphology of the hole entrance and exit processed 
under different multistep processing strategies (corresponding to dif-
ferent processing strategies in Table 5): strategy (a) is one-step pro-

cess, strategies (b), (c) and (d) are two-step processes, and strategy (e) 
is a three-step process
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were not evident on the hole wall when magnified in regions 
A and B, respectively. No debris or recast accumulation was 
found at the orifice, and the hole wall and the orifice process-
ing surface were relatively flat and smooth. The data show 
that this femtosecond laser two-step method can machine 
holes with high surface quality and almost no HAZ, oxida-
tion zone or recast layer.

4 � Conclusions

In the present study, FCHs of nickel-base superalloys were 
drilled by a 1035-nm femtosecond laser in trepanning 
with optimization of the drilling strategy. The optimum 
results prove the considerable improvements in the hole 
geometrical characteristics at the laser beam entrance and 

exit sides, and the machining efficiency was also greatly 
improved. The following conclusions were drawn from the 
experimental investigation:

The feeding times linearly correlated with the entrance 
diameter as follows: y = 5.0595x + 598.75, which can 
provide a reference for the precise geometry control of 
nickel-based superalloy drilling.
Optimizing the processing technology and choosing 
the appropriate scanning path and number of scanning 
turns can significantly shorten the processing time and 
reduce the processing cost while ensuring the drilling 
quality. When the trepanning circle is in the range of 
0.40 ~ 0.60 mm, the processing time is greatly short-
ened, and the processing efficiency is increased by 
36.9%.

Fig. 12   SEM morphology and composition distribution of the blind 
and through holes: (a) SEM image of the blind hole, (a1) composition 
distribution of the selected point of A, (a2) composition distribution 

of the selected point of B, (a3) composition distribution curve of the 
selected line in (a); (b) SEM image of the through hole and (b1) com-
position distribution curve of the selected line in (b)

Fig. 13   SEM morphology and the partially enlarged view of the hole cross section: (a) the hole cross section, (b) enlarged view of area A and (c) 
enlarged view of area B
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Referring to the above two conclusions has important 
guiding significance for formulating the machining 
parameters of two-step process. In addition, increasing 
the single-layer scanning times is better than increasing 
the feeding times in trepan drilling; the modifying pro-
cess can improve the circularity, but excessive repeated 
ablation will continue to expand the hole, resulting in a 
decrease in the hole taper.
This femtosecond laser two-step method can machine 
holes with high surface quality and almost no HAZ, oxi-
dation zone or recast layer.

In conclusion, this research further studied how to 
improve the hole geometrical characteristics and machining 
efficiency, provides a technical reference for the two-step 
method of high quality drilling and improves the axially 
symmetrical geometry of the hole for deep drilling process.
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