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Abstract: Ni-based superalloy with ceramic thermal barrier coatings (TBCs) is a composite material,
which can be used in special environments with high temperature and high pressure such as aeroengine
blade. In order to improve the cooling effect of the aeroengine, it is necessary to perform multi-size
and large-area holes processing on the surface of blades. As a non-contact processing method with
fast processing speed, good processing quality and almost no deformation, laser processing has
been one of the important processing methods for film cooling hole processing of aeroengine blades.
Percussion drilling is presented using picosecond ultrashort pulse laser in order to explore processing
of deep holes in Ni-based superalloy, ceramic TBCs, and ceramic TBCs/substrate multilayer material.
The effects of pulses, threshold and wavelength on hole diameter have been discussed, and the
experiment on the deep hole ablation with 1064 nm wavelength has been performed. By analyzing the
hole size and morphological characteristics of multiple processing parameters, the variation of hole
cylindricity is obtained. A high-quality hole, without spatters around the periphery of hole entrance
and without recast layer on the side-wall surface, in Ni-based superalloy coated with ceramic TBCs
has been drilled. This research has potential applications to blade film cooling holes.
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1. Introduction

Ceramic thermal barrier coatings (TBCs) have been prepared on metals substrates surfaces to
improve the properties of materials, such as the high temperature properties, abrasion resistance
and corrosion resistance [1]. There are many applications for ceramic TBCs/substrate multilayer
material. One of them is fabrication of the turbine blades for aircraft engines, using Ni-based superalloy
coated with ceramic TBCs [2,3]. There are good material stability, good strength at high temperatures,
and good corrosion and oxidation resistance for the Ni-based superalloy. However, preparing ceramic
TBCs on the surface of blades made of Ni-based superalloy and drilling many cooling holes [4,5] are
also needed to adapt to working environment of turbines’ blades, which see very high temperature
durability in such harsh working environments [6,7]. In a word, the turbine blades are composed
of ceramic TBCs/substrate multilayer composite materials. Furthermore, both the ceramic TBCs and
Ni-based superalloy are difficult materials to work such as for drilling holes, due to their high hardness.
Therefore, traditional machining methods are not practical.
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Laser drilling which has its comparable advantages is an outstanding method for material
processing [8–10]. For example, it is a non-contact machining method that does not cause mechanical
deformation of the sample. Without a cutting tool, it does not cause wear or transfer cutting force to
the sample. In addition, laser drilling offers high precision, flexibility, and good compatibility with
automation. As a result, it is very suitable for complex work [11]. There are several main types of
lasers which can be categorized based on their pulse duration, including long, short and ultrashort
pulse lasers. For drilling holes, it can be classified according to the relative movement between the
laser and the sample. The processing methods with relative movement are trepanning and helical
drilling, otherwise it is percussion drilling [12]. However, the potential downsides of laser drilling are
mainly the need to contain the molten spatters around the periphery of holes and the recast layer on
the side-wall surface. For example, Sun et al. investigated that millisecond long pulse laser trepanning
holes in Ni-based superalloy coated with ceramic TBCs. It was found that there were a large number
of molten spatters on the holes surfaces and the recast layer up to the micron scale, interfacial cracks
and cracks extension on the holes side-wall surfaces, which affected severely the mechanical strength
characteristics [13,14]. Wang et al. found that the crack width at BC (bond coat)/substrate dropped
from 8 to 15 µm in millisecond laser processing [15]. Qi et al. researched the ablation of metals
coated with ceramic TBCs using nanosecond pulse fiber lasers, and found that the recast layer, edge
protrusions and microcracks could not be eliminated due to the thermal effects during nanosecond
laser drilling [16]. Fan et al. used Nd: YAG (JK300D Nd: YAG pulsed laser, GSI, Birmingham, UK)
pulsed laser to process Ni-based superalloy with TBCs, and found the maximum crack length reaches
up to approximate 320 µm and the maximum crack width is approximate 50 µm [17]. In picosecond
and femtosecond ultrashort pulse laser machining, these problems can be significantly improved,
but for hole drilling [18–20], there is still a recast layer which thickness is about 5 µm after femtosecond
ultrashort pulse trepanning [20]. Comparing to trepanning and helical drilling, percussion drilling
offers high efficiency due to the lack of relative movement between the laser and the work. Feng et al.
compared percussion and trepanning drilling for single-crystal superalloy coated with ceramic TBCs
using a femtosecond laser. Their research showed that it took 10 minutes to drill through a sample
with a thickness of 0.8 mm using trepanning drilling, and only 5 minutes and 3 minutes, respectively,
for work samples with thicknesses of 1.2 mm and 0.6 mm using percussion drilling [21].

Overall, compared with the nanosecond and millisecond pulses lasers, the ultrashort pulse laser
has obvious advantages in high quality hole processing. Meanwhile, the processing efficiency of
percussion drilling is higher than the one of trepanning/helical drilling. In this paper, percussion
drilling of deep holes in ceramic TBCs, Ni-based superalloy coated without and with ceramic TBCs
using picosecond ultrashort pulse laser is presented. First, the effects of threshold and wavelength on
hole diameter have been discussed in order to study the hole ablating with the diameter larger than
100 µm, which is the value required by blade film cooling hole. Then, the experiment on the deep
holes ablation with 1064 nm wavelength has been performed. The hole dimension and morphological
characteristics have been analyzed for multiple processing parameters. At last, a high-quality hole,
with no spatters around the periphery of hole entrance, and without recast layer on the side-wall
surface, in Ni-based superalloy coated with ceramic TBCs, has been drilled. This research has potential
applications to blade film cooling holes.

2. Experiments and Samples

2.1. Experimental Setups and Parameters

Figure 1a illustrates the schematic of the picosecond ultrashort pulse laser micro-machining
system. The 10 ps laser used for irradiation in the experiments was a neodymium-vanadate (IC-1500 ps
Nd:VAN REG AMP, High Q Laser, Rankweil, Austria ) laser with wavelengths of 532 nm and 1064 nm
and the repetition rate of 1 kHz. The focal plane of the laser beam was placed on the sample surface
using the optical lens with the focus length of 200 mm. After the beam passed through the aperture,
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the focused beams diameters were 38.8 and 75.2 µm at 532 and 1064 nm wavelengths, respectively.
This moment, as shown in Figure 1b, the maximum powers and fluences were 135 mW and 11.42 J/cm2,
200 mW and 4.51 J/cm2 at 532 and 1064 nm wavelengths, respectively. Besides, when there was no
aperture on the transport path of 1064 nm wavelength, the related parameters were 36.1 µm, 248 mW
and 6.06 J/cm2. All these are the experimental parameters in this paper.
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Figure 1. Machining system, experimental parameters and SEM images of hole profile (a): Schematic
of the picosecond ultrashort laser micro-machining system; (b): Experimental Parameters; (c): SEM
images of the hole profile before cleaned; (d): SEM images of the hole profile after cleaned.

The experiments were performed under ambient conditions. After the experiments, the hole
diameter and surface morphology were measured using scanning electron microscopy (SEM), the hole
diameter was the average value of the transverse and longitudinal diameters. Then, the holes were split
and cleaned with acetone in an ultrasonic cleaner (SEM images of holes before and after cleaned could
be found in Figure 1c,d, demonstrating the importance of cleaning). The hole side-wall morphology
was subsequently measured from the SEM micrographs. The samples were then polished using
standard metallographic procedures, the polished surfaces were etched with a specialized solution
used with the Ni-based superalloy to reveal micro-structural features.

2.2. Samples

One of the experimental samples was the Ni-based superalloy coated with ceramic TBCs, shown
in Figure 2. The ceramic TBCs/substrate multilayer materials were composed of the ceramic TBCs,
the bonded coating with similar properties to the metal substrate, and the substrate Ni-based superalloy,
as shown in Figure 2a,b. The surface morphology of sample is shown in Figure 2c. Figure 2d shows
that the elements. -Element content of layers were different and the elements with the most contents
of ceramic TBCs, band coating and substrate are Zr, Zr and Ni, respectively. The thicknesses of the
ceramic TBCs, the bonded coating, and the substrate shown in the Figure 2e were approximately
0.1~0.4 mm, 0.1 mm, and several millimeters, respectively. Another experimental sample was the
Ni-based superalloy with a thickness of 1 mm and the ceramic TBCs with a thickness of 0.7 mm.
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Figure 2. Ceramic thermal barrier coatings (TBCs)/substrate multilayer materials (a): SEM image
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(e): Thickness of the multilayer materials.

3. Results and Discussions

3.1. Hole Diameter Versus Pulses and Threshold of Material with 532 nm Wavelength

Figure 3 shows the relationship of hole diameters and thresholds with pulses from 50 to 20,000.
With the increase of pulses, it can be confirmed that the holes diameters increased gradually, as shown
in Figure 3a. However, the tendency of increase gradually slowed down until saturation, a hole with
maximum hole diameter appeared. For example, there would be a largest hole with a diameter of
36.6 µm when the fluence was 1.32 J/cm2. The thresholds of Ni-based superalloy and the single-pulse
threshold have been calculated based on the fracture diameter method and the empirical incubation
model, respectively (The detailed computation mothed can be found in references of [22,23]). The results
have been shown in Figure 3b and it could be found that the threshold decreased gradually with the
increase of pulses. Furthermore, it has been believed that the threshold would reach to the saturation
state with the increase of pulses ultimately on account of the previous researches [24,25]. Overall,
the highest threshold existed for the single pulse ablation, and the hole diameter, theoretically, was equal
to the cross-sectional diameter of focused beam at the threshold fluence in the case of single-pulse
ablation as shown in Figure 3b1. Thereafter, with pulses increasing, the threshold decreased but the
hole diameter increased gradually. Finally, the hole diameter reached the saturation state when the
threshold was saturated. However, there were many influencing factors on hole diameter with pulse
laser ablation as shown in Figure 3b2, mainly including the effect of plasma clouds, the cumulative effect
of the surrounding fluence lower than the threshold fluence except the threshold of material. Firstly,
the atmospheric and material plasma cloud being in the inlet would further expand the hole diameter.
Moreover, the laser beam was scattered by the plasma cloud making the hole diameter expanding.
In addition, the fluence of continuous accumulation at the edge below the material threshold would
lead to the ablation, the hole diameter became large.
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Figure 3. Hole diameter and threshold versus pulses (a): Hole diameter versus pulses (b): Threshold
versus pulses (b1): Idealistic relationship between bean diameter and hole diameter with single pulse
ablation (b2): Influencing factors of the hole diameter with pulse laser ablation.

Figure 4 illustrates the SEM images of holes with different relationship of size between thresholds
and fluences. Although the laser fluence of 0.17 J/cm2 was smaller than the threshold of 0.331/cm2,
as shown in Figure 4a, a hole still could be drilled with a certain pulses, and the hole diameter was
smaller than the beam diameter of 38.8 µm. When the fluence was almost equal to the threshold,
as shown in Figure 4b, the hole diameter was still smaller than the beam diameter. Continuing to
increase the experimental parameters, we could obtain that the hole diameter was about same as the
beam diameter as shown in Figure 4c. After that, the fluence continued to increase to the maximum of
11.42 J/cm2 at the wavelength of 532 nm; the hole diameter was 73.46 µm.
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Compared with the ablation at 532 nm wavelength, the holes diameters ablated at 1064 nm were
obviously large. Figure 5 shows the SEM images of holes at two wavelengths, the beam diameters were
38.8 and 75.2 µm at 532 and 1064 nm wavelengths, respectively. When the laser fluences were almost
the same as shown in Figure 5a1,b1, the hole diameter at 1064 nm wavelength was approximately
twice that at 532 nm wavelength. When the fluences were at a maximum of 11.42 J/cm2 at 532 nm
wavelength and 4.51 J/cm2 at 1064 nm wavelength, the corresponding ablated holes diameters, shown
in Figure 5a2,b2, were 73.46 and 106.83 µm, respectively. In other words, although the fluence at
1064 nm wavelength is low, the hole diameter is obviously larger than that at 532 nm wavelength due
to its larger beam diameter.
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3.2. Deep Holes Ablation with 1064 nm Wavelength

The above research shows that the hole with large diameter could be obtained for ultrashort
pulse laser drilling with 1064 nm wavelength. Then, the comparative study on deep hole ablation
in ceramic TBCs and Ni-based superalloy by using picosecond ultrashort pulse laser with 1064 nm
wavelength would be carried out. For the hole diameter, as shown in Figure 6a, the holes diameters
increased gradually with the increase in the pulses for both materials, and the holes diameters in
Ni-based superalloy were larger than those in ceramic TBCs. Moreover, the SEM images of the holes
surface morphologies in ceramic TBCs and the Ni-based superalloy are shown in Figure 6b. It could
be seen that there were no spatters around the periphery of the holes entrances in the ceramic TBCs,
shown in Figure 6b1. The side-wall morphology near the holes entrances was made up of fine ripples.
There were some small voids on the surfaces of the side-walls, which were not induced by the laser
ablation, but derived from the process of preparing ceramic TBCs. In addition, there were small
amounts of molten spatters around the periphery of the hole entrances in the Ni-based superalloy.
The side-wall morphology was also composed of fine ripples with some stripes on the side-wall surface,
as shown in Figure 6b2. Furthermore, it was found that the holes surface morphological quality did not
deteriorate even for more pulses. The spatters were gone with increased pulses, for the holes ablated
in Ni-based superalloy as shown in Figure 6b2. The reason of the phenomenon is the self-cleaning
effect, and its effectiveness was presented in reference of [26].



Materials 2020, 13, 3570 7 of 13
Materials 2020, 13, x FOR PEER REVIEW 7 of 13 

 

 

Figure 6. Holes diameters and SEM images in ceramic TBCs and Ni-based superalloy (a): Hole 
diameter (b): SEM image of holes (b1): Ceramic TBCs (b2): Ni-based superalloy. 

Figure 7 illustrates the holes depths and processing efficiency versus processing time in ceramic 
TBCs and the Ni-based superalloy. Holes depths shown in Figure 7a, similar with the holes 
diameters, increased gradually with the increase in the pulses for both materials, and the holes depths 
in Ni-based superalloy were deeper than that in ceramic TBCs. When the fluence was 4.51 J/cm2, after 
500,000 pulses, the Ni-based superalloy sample was penetrated by an ablated through-hole. With a 
repetition rate 1 kHz, the processing time of a through-hole with the thickness of 1 mm in the Ni-
based superalloy was 500 s. For the fluence of 6.06 J/cm2, after 100,000 pulses, the through-hole 
completed, meanwhile, the processing time was only 100 s. On the other hand, for ablation of the 
TBCs with a thickness of 0.7 mm, the through-hole was drilled first with a fluence of 6.06 J/cm2, 50,000 
pulses, and a processing time of 50 s. When the laser fluence was 4.51 J/cm2, the processing time for 
a through-hole was 200 s. Overall, for the ablation of both Ni-based superalloy and ceramic TBCs, the 
processing efficiency was much higher for the high laser fluence. In addition, Figure 7b takes the 
fluence of 4.51J/cm2 as an example to compare the processing efficiency of Ni-based superalloy and 
ceramic TBCs, that is, the removal depth per unit time. It can be seen from the Figure 7b that the 
processing efficiency of Ni-based superalloy was greater than that of ceramic TBCs, and the highest 
processing efficiency was at the start of 20 s. As the laser processing progressed, the processing 
efficiency gradually decreased until the processing ended. In other words, the ablation depth of each 
pulse in laser pulse processing was different. 

 

Figure 7. Holes depths and processing efficiency in ceramic TBCs and the Ni-based superalloy (a): 
Hole depth versus pulses (b): Processing efficiency versus time. 
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Figure 7 illustrates the holes depths and processing efficiency versus processing time in ceramic
TBCs and the Ni-based superalloy. Holes depths shown in Figure 7a, similar with the holes diameters,
increased gradually with the increase in the pulses for both materials, and the holes depths in Ni-based
superalloy were deeper than that in ceramic TBCs. When the fluence was 4.51 J/cm2, after 500,000 pulses,
the Ni-based superalloy sample was penetrated by an ablated through-hole. With a repetition rate
1 kHz, the processing time of a through-hole with the thickness of 1 mm in the Ni-based superalloy
was 500 s. For the fluence of 6.06 J/cm2, after 100,000 pulses, the through-hole completed, meanwhile,
the processing time was only 100 s. On the other hand, for ablation of the TBCs with a thickness of
0.7 mm, the through-hole was drilled first with a fluence of 6.06 J/cm2, 50,000 pulses, and a processing
time of 50 s. When the laser fluence was 4.51 J/cm2, the processing time for a through-hole was 200 s.
Overall, for the ablation of both Ni-based superalloy and ceramic TBCs, the processing efficiency
was much higher for the high laser fluence. In addition, Figure 7b takes the fluence of 4.51 J/cm2 as
an example to compare the processing efficiency of Ni-based superalloy and ceramic TBCs, that is,
the removal depth per unit time. It can be seen from the Figure 7b that the processing efficiency of
Ni-based superalloy was greater than that of ceramic TBCs, and the highest processing efficiency was
at the start of 20 s. As the laser processing progressed, the processing efficiency gradually decreased
until the processing ended. In other words, the ablation depth of each pulse in laser pulse processing
was different.
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For the side-wall morphology, there were many similar characteristics even for different metal
Ni-based superalloy and ceramic TBCs. These morphologies as shown in Figure 8 came from part
of the holes under different processing parameters. The ripples shown in Figure 8a1,b1 represent a
satisfactory morphology, while, the recast layers, blocks and stripes belong to the flaws shown in
Figure 8a2,a3,b2,b3. Based on the thermal effect during the interaction between laser and material,
the materials melt and recast on the surface of hole side-wall, it is named the recast layer [27]. Therefore,
the joint strength between recast layers and substrate has been weaken. Similar with the recast layer,
there is also the weaken joint strength between blocks and substrate. As for stripes, the further studying
needs to be taken to investigate their cause. Certainly, there are some unique flaws for each material,
such as the voids and blocks on the side-wall surface of TBCs and the precipitates on the side-wall
surface of Ni-based superalloy as shown in Figure 8a2,a3,b2, respectively. The cause of the voids may
be composed of two parts, one is the defects of ceramic coating [28], and the other is the self-focusing
filamentation phenomena in the laser processing [29]. These precipitates are nano-scale and are
crystallized by randomly extracting surrounding elements [30]. In particular, flaws are destructive
morphologies and lead to poor material performance, which should be reduced or even eliminated as
much as possible.
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Fortunately, flaws on the side-wall surface can be eliminated through the regulation of the
processing technology. Holes with high quality side-walls could be drilled using percussion drilling in
TBCs and Ni-based superalloy, based on picosecond ultrashort pulse lasers. For the holes in TBCs,
as shown in Figure 9, there were no recast layers for both blind- and through-holes. In addition,
they demonstrated a very high repeatability for the ablated holes using ultrashort laser pulses, which is
critical for many industrial applications. However, the tapers of blind- and through-holes, especially
the blind holes shown in Figure 9a,b, were excessive. It is a serious issue and a difficulty for the holes
ablated using the percussion drilling with ultrashort pulse laser.
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For the holes in the Ni-based superalloy, when the laser fluence was 4.51 J/cm2, as shown in
Figure 10, there were recast layers on the side-wall surfaces. These recast layers were mainly located
in the lower part of the holes. In fact, the recast layer for the blind-hole ablation was more likely to
be induced. The main reason is that the ablated materials could not be completely ejected through
the cavity entrance, they re-solidified and then deposited on the side-wall surface as the recast layer.
Furthermore, with the hole depth increasing, the blind hole entrance diameters increased, but the
exit diameters became small quickly showing from 71 to 28 µm, resulting in the substantial taper as
shown in Figure 10a–d. At last, when the pulses were 500,000, the through-hole was processed, the exit
diameter began to increase, but the recast layer located in the lower part of the hole still existed as
shown in Figure 10e.
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For the higher laser fluence of 6.06 J/cm2, high quality blind-holes without the recast layer could be
ablated as shown in Figure 11a,b. At the same time, the hole exit diameters also became small with the
increase in hole depth. As the through-holes were created, there were recast layers in the lower parts
of the through-hole as shown in Figure 11c. After that, with the increasing pulses, the through-holes
entrance and exit diameters increased from 140 µm to 160 µm and from 53 µm to 100 µm, respectively,
as shown in Figure 11c–e. Moreover, the recast layer was completely cleaned off by the subsequent
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pulses ablation as shown in Figure 11e. That is, the ablated materials could flow out and away from
the hole exits completely. Overall, for the high laser fluence, a high-quality blind- or through-hole can
be created without the recast layer, and the taper of holes also was improved. Similar to ablation of
ceramic TBCs, the hole ablation in Ni-based superalloy had very high repeatability which is important
for precision industrial applications.
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Furthermore, for the holes shown in Figure 11, after 50,000 pulses, there were the waist areas,
that is, the small cross-section diameter in the upper portion of the holes, and the phenomenon was
not found for the holes shown in Figure 10. A similar phenomenon was found in the research of
Leitz et al. [31] and Luft et al. [32], the lasers used were picosecond lasers and femtosecond lasers
operating at 10 ps and 200 fs pulse duration, respectively. This phenomenon may be related to the
existence of plasma and multiple reflections of the laser inside the hole [31]. It could be seen that the
length of waist area and the distance from the material surface to the waist area were about 110 µm and
150 µm, respectively, for the blind-holes as shown in Figure 11b; the hole diameter of the lower part
was large, the distance between the maximum cross-section diameter and the hole bottom was about
200 µm. Thereafter, as the pulses increased, the through-holes were ablated as shown in Figure 11c–e.
The length of waist area increased to 200 µm, but the distances from the material surface to the waist
area were still about 150 µm, although the cross-section diameters of the holes varied greatly. The holes
diameters of the lower part also were large, and the distances between the maximum cross-section
diameter and hole bottom are from 300 µm to 260 µm, then to zero, that is, the maximum cross-section
diameter was the exit diameter.

Finally, high-quality hole and groove in Ni-based superalloy coated with ceramic TBCs could be
created using picosecond ultrashort pulse laser, as shown in Figure 12. The processing parameters
were a wavelength of 1064 nm, a fluence of 6.06 J/cm2, a scanning speed 0.1 mm/s and 100,000 pulses
for the Figure 12a,b, respectively. It was found that there were no recast layers on the grooves side-wall
surfaces, no delamination and micro-cracks at the combined positions between the multilayer materials
for both the perpendicular and incline ablations. For the drilled holes the entrance surfaces were
clean and free of molten spatters, and the side-wall morphology was smooth, delicate and free of



Materials 2020, 13, 3570 11 of 13

delamination and micro-cracks. In addition, the hole in Figure 12b was conical and was similar to those
in Figure 10, even though the hole material in Figure 12b was a Ni-based superalloy with TBCs, while in
Figure 10 it was metal Ni. In the Ni-based superalloy laser processing, the hole was conical before
the through-hole formed, as shown in Figure 10c. With the laser processing parameters increased,
the through-hole formed and the diameter of the hole bottom gradually increased, and the roundness
of the hole became better, as shown in Figure 11e. As for Figure 12, the holes resembled the ones from
Figure 10, as the laser processing parameters increasing, the side-wall of the through-hole will may be
similar to that of the hole in Figure 11. In the follow-up work, the laser processing parameters will
continue to increase, and holes similar to Figure 11, showing the high cylindricity, which would be
researched in the follow-up work.
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Overall, there are no micro-cracks and interfacial cracks on the hole side-wall surface in Ni-based
superalloy with ceramic TBCs ablated by using ultrashort pulse laser, no matter whether in this article
or other scholars’ papers, such as Das et al. (the laser pulse duration of 150 fs) [20], Feng et al. (the laser
pulse duration of 150 fs) [21] and Sun et al. (the laser pulse duration of 10 ps) [33]. However, such
defects have been found when using longer pulse duration laser processing. For example, during
millisecond pulse laser processing, there are a large number of micro-cracks [34,35], and the interfacial
cracks size are about 3 to 12 µm [34]. It can be found that the number of cracks on the hole side-wall
surface are significantly reduced during nanosecond pulse laser processing [36]. Combined with
ultrashort pulse laser processing, there are fewer or even no cracks on the hole side-wall surface as the
pulse duration becoming shorter, indicating the advantages of ultrashort pulse laser.

4. Conclusions

For the potential applications to blade film cooling holes, percussion drilling is presented using
picosecond ultrashort pulse laser in Ni-based superalloy, ceramic TBCs and ceramic TBCs/substrate
multilayer material. First, the effects of threshold and wavelength on hole diameter have been discussed.
The results show that the laser with 1064 nm wavelength need be employed to drill the holes with the
diameter larger than 100 µm. Then, deep hole ablation with 1064 nm wavelength has been performed.
The hole dimension and morphological characteristics have been analyzed for multiple processing
parameters. It could be found that high processing efficiency could be expected for the high laser
fluence. For example, the processing time for a through-hole in Ni-based superalloy with a thickness
of 1 mm is 500 s for a laser fluence of 4.51 J/cm2, and is only 100 s for a fluence of 6.06 J/cm2. Processing
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efficiency of through-hole in ceramic TBCs with a thickness of 0.7 mm has been increased by 4 times
for a fluence of 6.06 J/cm2 than 4.51 J/cm2. The holes morphologies are illustrated in two materials,
including the holes surfaces and the side-wall morphologies. The results also show, for the higher
laser fluence, the blind- and through-hole could be processed without recast layer and the taper also
has been improved. Combined with the high ablation efficiency for the high laser fluence, it can
be concluded that high-quality and efficient processing can be achieved with high fluence using
picosecond ultrashort pulse laser. Finally, a high quality hole in Ni-based superalloy coated with
ceramic TBCs was processed without molten spatter around the periphery of the hole entrance and
recast layer on the side-wall surface.
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