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Air-film cooling holes were drilled into a turbine blade with a 532-nm Nd:YVO, nanosecond laser in air and with coaxial
waterjet assistance. The drilling quality of the sidewalls of the holes was investigated comparatively by means of a 3D confocal
laser scanning microscope, scanning electron microscopy, transmission electron microscopy, X-ray diffraction and en-
ergy-dispersive X-ray spectroscopy. Results have shown that the maximum thickness of the processing-induced defects around
the air-film cooling holes drilled by the laser in air is up to 100 pm, while the holes obtained by means of the asynchronous op-
eration of laser drilling in air and coaxial waterjet assistance indicate no spatter, oxide layer, recast layer or cracks. Compared
with laser drilling in air, the minimum size of the heat-affected zone around the air-film cooling holes induced by asynchronous
processing is decreased down to the sub-micrometer scale. The main phases in the oxide layer, recast layer and heat-affected
zone are a-AlOs, y-Ni and -NiAl, respectively. Asynchronous processing can help us achieve high position precision and it
will have wide application.

Keywords: coaxial waterjet assisted laser drilling, air-film cooling holes, heat-affected zone, scanning electron microscopy,
transmission electron microscopy

Avtorji v ¢lanku opisujejo vrtanje izvrtin na turbinskih lopaticah, hlajenih z zra¢nim filmom. Vrtanje je bilo izvedeno s 532
nano-meterskim neodim-itrij vanadij oksidnim (Nd:YVOj) nano-sekundnim laserjem na zraku in z dodatno pomocjo
koaksialnega vodnega curka. Kakovost vrtanja stranskih sten izvrtin so primerjalno raziskovali s tri dimenzionalnim (3D)
konfokalnim laserskim vrsticnim mikroskopom, klasi¢nim vrsti¢nim in presevnim elektronskim mikroskopom (SEM in TEM),
rentgensko difrakcijo (XRD) ter energijsko disperzijsko spektroskopijo rentgenskih Zarkov (EDXS). Rezultati raziskave so
pokazali, da je maksimalna debelina procesno induciranih poskodb okoli zra¢no hlajenih lasersko vrtanih izvrtin do 100 pm,
medtem ko pri tistih izvrtinah, ki so bile izdelane z asinhronim procesom koaksialnega vodnega curka ni bilo opaziti obrizgov,
oksidnega filma, pretaljene plasti in razpok. V primerjavi z zra¢no hlajenim laserskim vrtanjem se je pri asistencnem
asinhronem procesu vrtanja zmanjSala debelina toplotno vplivane cone na sub-mikronsko raven. Glavne faze, prisotne v oksidni
in pretaljeni plasti ter toplotno vplivani coni so bile: a-Al,Os, y-Ni in f-NiAl. Avtorji v zaklju¢ku ugotavljajo, da lahko z
opisanim asinhronim procesom doseZemo vecjo pozicijsko natan¢nost vrtanja, kar bi lahko bilo uporabno tudi na mnogih drugih
podrodjih.

Kljucne besede: lasersko vrtanje s pomocjo koaksialnega vodnega curka, zracno hlajene izvrtine, toplotno vplivana cona,
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vrsti¢na mikroskopija, presevna elektronska mikroskopija

1 INTRODUCTION

With the advantages including toughness, creep
strength and hot-corrosion resistance at high tempera-
tures, nickel-based single-crystal superalloys have been
utilized to manufacture hot-zone components of aircraft
and power generation turbine engines for decades.! Mod-
ern aircraft engines contain up to 100 000 air-film cool-
ing holes (AFCHs) with the diameters of 0.5-1 mm in
the hot-zone components, which can reduce the surface
temperature of these components.”> Due to the protection
of AFCHs and thermal barrier coatings (TBCs), the
working temperature of the blade substrate is reduced
from app. 1500 °C to app. 1150 °C in advanced turbine
engines.’ For the TBC-coated hot-zone components,
AFCHs are often made by laser drilling.*

*Corresponding author's e-mail:
yzliulOb@alum.imr.ac.cn (Yuezhuan Liu)
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The AFCHs drilled with conventional lasers, such as
millisecond, microsecond and continuous wave lasers,
usually induce extensive metallurgical defects around the
sidewalls.’> Delamination of TBCs often takes place after
the laser drilling in air (LDIA) and the main metallurgi-
cal defects include oxide layer, recast layer and heat-af-
fected zone (HAZ).® The HAZ is defined as a region of
the target materials surrounding the laser beam focused
zone that has not melted but has experienced micro-
structural evolutions due to the heat conduction during
laser drilling. Metallurgical defects will unavoidably af-
fect the mechanical and cooling properties of the
hot-zone components with AFCHs.” In order to reduce
the metallurgical defects induced by the conventional la-
sers, ultrafast lasers including picosecond and femto-
second lasers have been utilized to drill AFCHs in recent
years. However, picosecond and femtosecond laser
drillings take a longer time for machining AFCHs than
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Figure 1: Schematic diagram of LDIA + CWALD: a) LDIA, b) hole expansion with CWALD, c) end of process

nanosecond laser drilling.® Through a series of observa-
tions of the micro-machining quality of metallic and
non-metallic materials, it has been found that nanosec-
ond laser drilling not only decreases the metallurgical
defects compared to the conventional laser drilling, but
also costs less, drills deeper and faster than the picosec-
ond and femtosecond laser drilling.® Nevertheless, there
is very little published information concerning the nano-
second laser drilling of AFCHs. Therefore, it is neces-
sary to study the process of nanosecond laser drilling and
reduce metallurgical defects during the drilling of
AFCHs.

To reduce the metallurgical defects induced by laser
machining in air, several new technologies of laser ma-
chining have been proposed, such as laser cutting under-
water, waterjet-guided laser cutting, microjet water-as-
sisted laser machining, liquid core waveguide laser
drilling, coaxial waterjet assisted laser grooving, and co-
axial waterjet assisted laser drilling.'!> Compared with
laser machining in air, the metallurgical defects induced
by laser machining underwater or water-assisted laser
machining are decreased significantly. However, there is
limited literature reporting the combination of LDIA and
coaxial waterjet assisted laser drilling (CWALD) of
AFCHs in a turbine blade.

In this study, asynchronous operation of AFCHs with
LDIA and CWALD (LDIA + CWALD) is proposed for
improving the surface quality and drilling efficiency.
Figure 1 shows a schematic diagram of LDIA +
CWALD. As shown in Figure 1a, the perforation of the
workpiece was performed in advance with LDIA, and
the diameter of the through-hole was smaller than the
target size. This through-hole had a recast layer and
HAZ on its inner wall, and there was a taper that could
even be large. Then CWALD was used for the hole ex-
pansion, making the aperture reach the target size, as
shown in Figure 1b. Using LDIA + CWALD, as shown
in Figure 1c, the HAZ and recast layer induced by LDIA
could be removed, and a through-hole with a small taper
could be obtained.

To test the drilling quality of LDIA + CWALD, the
aim of this study was to investigate the microstructural
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evolution around the AFCHs in turbine blades. The
chemical property change and microstructural evolution
in the HAZ were characterized using X-ray diffraction
(XRD), a 3D confocal laser scanning microscope, a
scanning electron microscope (SEM) and a transmission
electron microscope (TEM). Results of this work are ex-
pected to give a deep insight into the CWALD technol-
ogy and its promising application in machining AFCHs
into turbine blades. This study will broaden the applica-
tion of CWALD to other fine holes that require high di-
mensional precision and high processing efficiency with
a minimal HAZ.

2 EXPERIMENTAL PART

The material used in this work is a nickel-based sin-
gle-crystal superalloy. The chemical contents of the ma-
terials are listed in Table 1.

Table 1: Chemical contents of the nickel-based single-crystal superal-
loy (w/%)

Co|Cr| W | Ta| Al |Mo| Ti | Minorele- | \y
ments
0.2H, 0.02C,
8080|8060 50 20 1o 0200002 g,

Figure 2 shows a schematic diagram and photograph
of the experimental set-up for LDIA + CWALD. As
shown in Figure 2a, the CWALD set-up consists of four
main components, a nanosecond solid-state laser and op-
tical system, a water supply system including a dia-
phragm pump and valves, a laser-water coupling machin-
ing head, and a precision five-axis-motion control
system. An additional air supply is used to avoid the de-
position of spatter inside the nozzle during LDIA. Pure
(deionized) water enters the water chamber from the wa-
ter pipe and is then ejected from the nozzle. Figure 2b
shows that the galvanometer-controlled laser beam is
coupled with the coaxial waterjet through a quartz-glass
optical window, after which the laser beam can be used
for high-speed scanning motion to produce the required
hole types, including micro-grooves, straight holes and
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Figure 2: Schematic and photograph of the experimental set-up for LDIA + CWALD: a) diagram of equipment including LDIA and CWALD
systems, b) partially enlarged detail from (a) shows a schematic of CWALD, c) five-axis set-up for LDIA + CWALD

Table 2: Main experimental parameters of the LDIA and CWALD

F/(J/cm?) P/W T/ns flkHz o/° Dy/pm Depth (mm) vw/(m/s)
50.00 33.63, 40.37 10, 20 50, 60 90 800 2 1.0 £ 0.05
55.75 37.50, 45.00 10, 20 50, 60 60 700 3 1.5 + 0.05
65.03 17.50, 43.75 10, 20 20, 50 60 600 4 2.5 £ 0.05
83.63 12.50, 45.00 10, 20 20, 40 30 500 6 2.5 +0.05
100.00 26.91 20 20 20 500 6 2.0 £ 0.05

complex-shaped holes. The diameter of the waterjet is
larger than that of the target hole, which can reduce the
difficulty of the laser and water coupling and improve
the coupling stability. With regard to the diameter of the
target hole, the diameter of the nozzle in CWALD is gen-
erally set at a range of 5-10 mm. In order to reduce the
attenuation of laser energy, the pure water should be free
of bubbles and move smoothly. Besides acting as the
conduction medium of laser, the coaxial waterjet plays
the role of cooling the workpiece and removing away ab-
lated materials. Figure 2c¢ shows a photograph of the
five-axis set-up for LDIA + CWALD.

The light wavelength in a range of 300-600 nm has
the lowest energy attenuation in water.'®!” Therefore, a
nanosecond laser with a wavelength of 532 nm is used.
The drilling direction of AFCHs is tilted by 20°-90° (the
tilt angle, 0) with the tangential direction of the blade
surface. The diameter of AFCHs (D) is 500-800 um. In
asynchronous processing, the machining diameter of
LDIA is 400 pm, and the remaining hole expansion is
completed by CWALD. The depth of AFCHs ranges
from 2-6 mm. The flow rate of the waterjet (vy) is up to
2.5 m/s. The F-0 lens holds the focal length of 200 mm.
The laser pulse duration (r) ranges from 10-50 ns. The
maximum average power (P) of the laser is up to 50 W.
The focal spot diameter (Dy) of the laser beam in air is
42 pm. The Dy of CWALD is 41.4 um. The laser fluence
(F) ranges from 50-100 J/cm?. The line space of laser
scanning is 20 pm. The scanning speed of the laser beam
is set at 500 mm/s. The main experimental parameters
are given in Table 2.
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The sections of the drilled turbine blades were cut
with a low-speed diamond saw and then they were used
for cross-sectional metallographic samples. Some typical
samples were lightly etched with a solution of 9.0 %
CuSO4-5H,0, 44.5 % H,SOs, 2.0 % HCI, and 44.5 %
H,O. The cross-sectional samples were observed with
the 3D confocal laser scanning microscope (CLSM,
Keyence VX-200) and scanning electron microscope
(SEM, FEI Quanta 250). The SEM was equipped with an
electron energy dispersive spectrometer, which can de-
tect energy dispersive spectra (EDS) of the target mate-
rial. Processing-induced defects were investigated using
the transmission electron microscope (TEM, FEI G2
F20) at an accelerating voltage of 200 kV.

3 RESULTS

3.1 Optical observations

Figure 3 shows the entrances of complex-shaped
AFCHs drilled by LDIA or/and CWALD. The entrances
of the holes drilled by LDIA are completely covered
with scorch, while the holes drilled by LDIA + CWALD
have no scorch at the entrances and the surface finish is
consistent with the blade surface.

Figure 4 presents the microstructures of the
cross-sections of the AFCHs drilled at F = 65.03 J/cm?
and v, = 2.5 m/s. Figure 4a shows the cross-sectional
microstructure of the middle section of an AFCH per-
pendicular to the direction of LDIA. In the process of
drilling, the recast layer and HAZ appear around the
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LDIA + CWALD
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Figure 3: Turbine blade with AFCHs drilled by LDIA and LDIA +
CWALD

hole, and their thicknesses are up to 50 ym and 45 pm,
respectively. Figure 4b shows the cross-sectional micro-
structure of the middle section of an AFCH perpendicu-
lar to the direction of LDIA + CWALD, under the same
parameters as in Figure 4a and with a laminar waterjet
flow rate of 2.5 m/s. A typical y + v’ microstructure of
the sample up to the edge of the hole indicates that there
are no recast layer or HAZ.

Figure 5a displays the cross-sectional microstructure
of the mid-section of an AFCH paralleled to the direc-
tion of LDIA. The maximum thicknesses of the recast
layer and HAZ around the hole are up to 100 um. The
taper induced by the recast layer and HAZ is approxi-
mately 3°. Figure 5b displays the cross-sectional micro-
structure of the mid-section of an AFCH paralleled to the
direction of LDIA + CWALD under the same parameters
as in Figure 5a and with a laminar water flow rate of
2.5 m/s. There are no recast layer or HAZ around the
hole. In addition, the taper of the AFCH is close to zero
when using LDIA + CWALD.

3.2 XRD analyses

Figure 6 shows XRD patterns of the substrate of the
turbine blade and cross-sections of AFCHs. The as-re-

Recast layer §

LDIA LDIA + CWALD

Figure 4: Microstructures of the cross-sections perpendicular to the
drilling direction of the holes in an uncoated nickel-based single-crys-
tal superalloy turbine blade operating at an average fluence of
65.03 J/cm?® and vy, = 2.5 m/s: a) LDIA, b) LDIA + CWALD
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Figure 5: Microstructures of the cross-sections paralleled to the drill-
ing direction of the AFCHSs in an uncoated nickel-based single-crystal
superalloy turbine blade operating at an average fluence of
65.03 J/cm? and vy, = 2.5 m/s: a) LDIA, b) LDIA + CWALD

ceived turbine blades mainly consist of y-Ni (Fm3m,
a = 0.352 nm) and y’-Ni;Al (Pm3m, ordered L1, struc-
ture, a = 0.357 nm). The intensity of the y/y’ peaks is
weakened obviously after the laser drilling. Besides the y
and y’ phases, a-Al,Os (R3¢, a = 0.476 nm, ¢ = 1.299 nm)
and S-NiAl (Pm3m, B2 structure, a = 0.287 nm) formed
in the cross-sections of the AFCHs drilled by LDIA.
Compared with these AFCHs, only 8-NiAl was added to
the ones drilled by LDIA + CWALD.

3.3 SEM characterization

Figure 7a reveals the cross-sectional microstructure
of the mid-section of an AFCH parallel to the direction
of LDIA. It can be seen from Figure 7a that the local
thickness of the oxide layer, recast layer and HAZ
around the hole is up to 30 pm. Cracks formed between
the recast layer and the substrate. Figure 7b reveals the
cross-sectional microstructure of the mid-section of an
AFCH parallel to the direction of LDIA + CWALD un-
der the same parameters as in Figure 7a, with a laminar
water flow rate of 2.5 m/s. This clearly indicates that no
significant laser-induced damage such as oxide layer, re-
cast layer or cracks occurred during CWALD.

VY a:0-ALO,  B:B-NiAl
v: v-Ni ¥y -Ni,Al
1744 B

p
A

Intensity (a.u.)

Figure 6: XRD patterns of the substrate of a turbine blade and
cross-sections of the AFCHs drilled by LDIA and LDIA + CWALD
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Figure 7: Microstructures and EDS of hole walls subjected to an average fluence of 65.03 J/em? and v, = 2.5 m/s: a) secondary electron scanning
image of the AFCH drilled by LDIA, b) secondary electron scanning image of the AFCH drilled by LDIA + CWALD, c) line-scanning EDS of
the red line marked in (a), d) line-scanning EDS of the red line marked in (b)

Figure 7c reveals the line-scanning EDS of the red
line marked in Figure 7a. It can be seen from the figure
that the atomic percentage of oxygen in the oxide layer is
roughly 45 %. In the recast layer, the atomic percentage
of oxygen is reduced to 20 %. The atomic percentage of
nickel increases from the oxide layer to the substrate in a
stepped transition. The atomic percentage of aluminum
in the oxide layer and the recast layer is approximately
13 % and 10 %, respectively. The average atomic per-
centage of tungsten in the oxide layer is almost zero and
it hardly changes in the recast layer and substrate. Fig-
ure 7d reveals the line-scanning EDS of the red line
marked in Figure 7b. The atomic percentages of nickel,
aluminum and tungsten are around 60 %, 11 % and 6 %,
respectively, which are the same as those of the original
materials in the substrate. The atomic percentage of oxy-
gen is zero from the surface to the interior of the sub-
strate. The atomic percentages of the rest of the elements
contained in the original substrate did not change.

3.4 TEM investigation

Figure 8 exhibits the microstructures of the hole wall
drilled by LDIA at a fluence of 65.03 J/cm? with mini-
mum processing-induced defects. Figure 8a reveals the
processing-induced defects, including a roughly 0.6 pm
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oxide layer, a roughly 1.5 um recast layer, and a roughly
1.1 um HAZ. Figures 8b and 8d show the corresponding
selected-area electron diffraction (SAED) patterns of pri-
mary phases in the oxide layer, recast layer and HAZ.
Based on the SAED analysis, the oxide layer, recast
layer and HAZ are mainly composed of a-ALOs (Fig-
ure 8b), y-Ni (Figure 8¢) and -NiAl (Figure 8d), re-
spectively. These results are completely consistent with
those of XRD (Figure 6). SAED patterns for the regions
marked with A, B and C in Figure 8a can be identified
as the [4223] zone axis of a-Al,Os, [101] zone axis of
y-Ni, and [001] zone axis of 8-NiAl, respectively.
Figure 9 exposes the microstructural and chemical
features corresponding to the maximum and minimum
processing-induced defects formed during LDIA +
CWALD at a fluence of 65.03 J/cm? and a water flow
rate of 2.5 m/s. Figures 9a and 9b reveal that only the
HAZ is induced by LDIA + CWALD in both locations
with the maximum and minimum processing-induced de-
fects. The HAZ thicknesses at the locations with the
maximum and minimum processing-induced defects are
up to approximately 2000 nm and 500 nm, respectively.
Figure 9c shows the EDS for point "1" from Figure 9b,
indicating that the HAZ contains mainly the chemical el-
ements of nickel, aluminum and chromium. The atomic
percentages of nickel, aluminum and chromium are
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Figure 8: TEM images of the microstructures of the minimum processing-induced defects created during LDIA at an average fluence of
65.03 J/cm?: a) bright field (BF) image of the hole wall, b) SAED pattern of the oxide layer, c) SAED pattern of the recast layer, d) SAED pattern

of the HAZ

(52.08, 46.58 and 1.35) %, respectively. Figure 9d
shows the SAED for the area marked with a white circle
in Figure 9b, indicating that the HAZ is mainly com-
posed of B-NiAl. The above results are fully consistent
with those of XRD (Figure 6).

4 DISCUSSION

4.1 Microstructural evolution of the hole walls during
LDIA and CWALD

The microstructural evolution of the sidewalls of the
AFCHs may be attributed to element diffusion, oxidation
and decomposition induced by the heat conduction dur-
ing LDIA and CWALD. The oxyphilic aluminum in
nickel-based superalloys is easily oxidized when the ma-
terials are exposed to a high temperature atmosphere.'3
a-Al,Os is usually generated after the exposure to a tem-
perature above 1000 °C in accordance with the following
reaction:!"?

2y’-Ni;Al + 9[0] = 6NiO + a-ALO, (1)

Due to the fact that the temperature of the focal point
of the laser beam is higher than that of the vaporization
point (4150 °C) of the nickel-based superalloys during
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LDIA, the heat accumulated around the AFCHs is at
least higher than 1000 °C. In addition, the atmospheric
air around the AFCHs contains oxygen, therefore the
sidewalls of the AFCHs are covered with an oxide layer,
mainly composed of a-AlL,O; as shown in Figures 7a
and 9a.

The y-Ni phase (Figure 8a) in the recast layer of the
AFCHs drilled by LDIA may result from the re-solidifi-
cation of the basic constituent phase of the substrate,
and/or from the decomposition of the y’-Ni3Al phase in
the substrate. $-NiAl phases in the HAZ of AFCHs
drilled by both LDIA and LDIA + CWALD result from
the decomposition of y’-NizAl in the substrate. For the
formation of B-NiAl, the literature reports that y’-Ni;Al
in nickel-based superalloys can be decomposed into the
y-Ni phase and solid solution [Al] after experiencing
heat conduction above 1000 °C.2° When the solid solu-
tion [Al] diffuses to the surface of the substrate during
LDIA and/or CWALD, the accumulation of [Al] in the
HAZ increases as the heat conduction lasts and 3-NiAl
may be formed in accordance with the following reac-
tion:?!

¥’ -Ni;Al + 2[Al] - 38-NiAl )

Materiali in tehnologije / Materials and technology 56 (2022) 4, 397-406
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Figure 9: Microstructural and chemical features corresponding to the maximum and minimum processing-induced defects during LDIA +
CWALD at a laser fluence of 65.03 J/cm? and water flow rate of 2.5 m/s: a) BF of the hole wall with the maximum processing-induced defects, b)
BF of the hole wall with the minimum processing-induced defects, c) EDS for point "1" marked in (b), d) SAED for the region marked with a

white circle in (b) that can be identified as the [120] zone axis of f-NiAl

4.2 Effect of coaxial waterjet on the processing-in-
duced defects

During LDIA, the polarization of the laser beam
changes due to multiple reflections, resulting in an irreg-
ular profile at the sidewalls of the AFCHs. However, the
polarization of the laser beam is hardly changed in the
case of laminar fluid water??, thus the symmetry of the
AFCHs drilled by LDIA + CWALD is higher than in the
case of LDIA (Figures 5 and 6).

Typical recast layer and HAZ with thickness ranging
from 10 pm to 1 mm are usually observed to be adjacent
to the processing zones in nickel-based superalloys ma-
chined with conventional nanosecond lasers.?® In this
study, microstructural investigations of the material sub-
jected to LDIA revealed that the thickness of the recast
layer and HAZ was up to 100 um (Figures 7a and 8a).
Fortunately, the AFCHs drilled by LDIA + CWALD at a
laser fluence of 65.03 J/cm? and waterjet flow rate of
2.5 m/s clearly demonstrate the absence of common con-
ventional processing-induced defects including spatters,
oxide layer and recast layer (Figures 3b, Sb, 6b, 7b, 9a
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and 9b). The absence of these defects mainly resulted
from the effect of coaxial waterjet.

The material removal by means of laser machining
depends on the laser power density, material properties
and the time of the laser-matter interaction. The material
removal by means of laser drilling generally includes the
following three steps:* first, the target material absorbs
the laser energy; second, the absorbed energy is redis-
tributed within the target material; third, the target mate-
rial is ablated by evaporation and/or melt ejection. The
laser used in this study operates in the nanosecond re-
gime (107 s) and its pulse duration is longer than the
time for the energy transfer from electrons to the solid
lattice, which usually takes several picoseconds (1072 s).
Therefore, the target material at the laser focal spot is
heated by the absorbed laser energy. This energy is sub-
sequently transferred to the surrounding by heat conduc-
tion. This procedure results in heat accumulation, conse-
quently causing the melting and re-solidification of the
ablated material, i.e., the recast layer and HAZ on the
sidewalls of the AFCHs drilled by LDIA (Figures 5 to
8). Thermal stresses often result from the rapid heating
and cooling of the target material during LDIA. The
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cracks located at the interface between the recast layer
and the substrate of the turbine blade are partially attrib-
uted to the tensile stresses, which developed during cool-
ing due to a local contraction. Furthermore, thermal cy-
cles between the laser pulses during LDIA also induce
thermal stresses, aggravating the cracks. The results of
this work suggest that interfacial cracks (Figure 7) may
be induced by thermally induced stresses.

Since the processing-induced defects generated dur-
ing LDIA are removed by the hole-expansion process of
CWALD, the sidewalls of the AFCHs drilled by LDIA +
CWALD are free of recast layer (Figures 5 to 7 and 9).
The reduced defects of the AFCHs drilled by LDIA +
CWALD are mainly due to the effect of coaxial waterjet.
Water absorbs much more heat energy transformed from
laser energy than superalloys after the increased temper-
ature because the specific heat capacity of water is
higher than that of solid materials. Heat energy from
evaporated materials is principally absorbed by water
through conduction and then washed away due to the
high thermal conductivity. The volume percentage of ox-
ygen in air is approximately 21 %, while in pure water it
is about 3 %. Therefore, oxidation hardly takes place
during CWALD, and the AFCHs are free of oxides. The
ablated materials including spattered material, vaporized
material, molten material and plasma debris are immedi-
ately washed away by coaxial waterjet so that the
AFCHs are free of recast layer. Moreover, the cooling ef-
fect of coaxial waterjet restrains the heat accumulation
around the AFCHs so that the thickness of the HAZ in-
duced by LDIA + CWALD (Figure 9) is significantly
smaller than that induced by LDIA (Figure 8).

4.3 Process and mechanism of LDIA + CWALD

In fact, the LDIA + CWALD process expands the
holes drilled by LDIA. The apertures of AFCHs are
smaller than the diameter of the coaxial waterjet. Ac-
cordingly, the flow rate of the water passing through the
holes is higher than that of the coaxial waterjet, which
strengthens the corresponding scouring effect of the wa-
ter. Hence, the material removal rate of LDIA + CWALD
is higher than that of LDIA. The mechanism of LDIA +
CWALD is similar to that of CWALD, except that the
processing efficiency of the former is higher than that of
the latter.”* This is due to the continuous flow of the wa-
ter passing through the holes, which can limit the dy-
namic refraction of the laser beam and the ablated debris
deposition.

Similar to CWALD, LDIA + CWALD follows a
quasi-cold ablation process. When the coaxial waterjet
contacts the surface of the workpiece, the height of the
overflow water layer (4 can be calculated with Equa-

tion (3):%
1+nu. | [2¢(1—cos O
P R T L ) 3)
N8V 8P
404

Where 7 is the light absorption coefficient, y; is the
inlet water flow rate, g is the gravitational acceleration,
vy 1s the kinematic viscosity of waterjet, ¢ is the surface
tension of water, 0 is the contact angle of the material
with water, and p is the water density.

Based on the conservation of mass, the velocity of
the water passing through AFCHs (v;,) can be solved with
Equation (4):

rolrov. —2hv, |
y, =y 2 @)

U

where ry is the radius of the waterjet, vr is the velocity
of the overflow water layer, and ry, is the radius of the
AFCHs.

When the laser is transmitted through the water, the
instantaneous distribution of energy density can be de-
duced from Equation (5):%*

w(t) — {g eXP(—ﬂl‘) _exp(_'}/t), 0<t<t
05 1>7
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where &, 8 and vy are laser pulse shape parameters, and 7
is the laser pulse duration.

Given the influence of the plasma plume, the final en-
ergy density of the laser on the focus spot can be ex-
pressed with Equation (6):2¢

I(z,1) =1, (z.0) exp[«(av, +0)z, +bE, (1)]  (6)

where I(z, ) is the final energy density of the laser on
the focus spot, a, b and ¢ are empirical coefficients, z, is
the ablation depth, and E, is the laser energy density ab-
sorbed by the ablation plume.

The volumetric heat generated by laser drilling in wa-
ter can be approximately calculated with Equation (7):%¢

Ax, y, 2,1) = a,, exp(—a, (1 =R,) exp(-a, /1, )-

(1-R,) exp[—((avh +0)z, +bE, (t))] 2P(’2 .
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where an, is the absorption coefficient of the workpiece
material, ay is the absorption coefficient of water, Ry, is
the reflectivity of the workpiece, Ry, is the reflectivity of
water, Py is the laser peak power, wy is the radius of the
laser beam at the focal position, and vy is the laser tra-
verse speed.

The above equations involve many parameters, and it
is difficult to obtain exact solutions for all of them. How-
ever, the workpiece materials are ablated by volumetric
heat. Furthermore, it can be seen from Equation (7) that
the removal rate of the workpiece material is positively
correlated with the flow rate of the coaxial waterjet.

Due to the laser scanning processing method, the
workpiece materials are gradually ablated layer by layer,
which induces overlap gaps between adjacent layers.
These gaps cause tiny unevenness on the wall surfaces of
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the AFCHs. Moreover, a high-pressure and high-temper-
ature plasma plume is inevitably generated at the laser
focal position because the laser fluence was set higher
than the ablation threshold of the workpiece material.
The plasma plume generates surface plasmon polaritons
on the hole walls. With the interference between the inci-
dent laser and surface plasmons, the scanning paths of
the laser beam at different layers are inconsistent and
even changed greatly under the cooling effect of water.
Therefore, the surface of a hole wall is uneven, as shown
in Figures 9a and 9b. Fortunately, the interference be-
tween the plasma plume, bubble explosion, surface
plasmon polarization and second harmonic wave plays a
certain positive role. The interference can partially con-
vert the energy loss of the laser into impact power, in-
creasing the strength and hardness of the thin layer
around the AFCHs.

4.4 Potential influence of CWALD on AFCHs and tur-
bine blades

During LDIA, the laser usually causes thermal dam-
age including oxidation, recast layer and HAZ, which
may induce stress concentration. Due to the presence of
Al and Ti in the nickel-based single-crystal superalloy
substrate, turbine blades exhibit susceptibility to thermal
cracking. Due to thermal stress, the thermal damage lay-
ers around the AFCHs are prone to crack along the cir-
cumferential and radial directions (Figure 4). Radial
cracks in the thermal damage layers may expand to the
substrate, reducing the fatigue life of the turbine blades.
This is a potential hazard caused by LDIA. LDIA +
CWALD significantly improve the processing quality of
AFCHs and minimize the thermal damage (Figures 4 to
9); therefore, the above potential hazard is greatly re-
duced. Without the recast layer, AFCHs are free of taper,
and the AFCH diameter is larger than in the case of
LDIA. Furthermore, the roughness of the sidewall is also
reduced. Under the same pressure of cooling air, the flow
coefficient of AFCHs increases as the taper and the
roughness of AFCHs decrease. The decrease in the taper
and increase in the diameter not only reduce the vortex
of cooling air, but also change the direction of the vortex.
As a result, the flow direction of downstream cooling air
at the center of the outlet is directed to the blade surface,
effectively improving the adhesion of the cooling air to
the blades. Thereby, all the above conditions can signifi-
cantly improve the cooling efficiency of AFCHs and ef-
fectively protect turbine blades from erosion by high-
temperature and high-speed gas. From these potential
benefits, it can be inferred that LDIA + CWALD will be-
come one of the main processing methods of drilling
AFCHs in turbine blades. Furthermore, LDIA + CWALD
will become more and more popular in the field of micro
holing with high position precision in the future.
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5 CONCLUSIONS

AFCHs drilled with LDIA and LDIA + CWALD
were investigated in detail. Results clearly indicated that
the maximum and minimum thicknesses of the process-
ing-induced defects, such as oxide layer, recast layer,
HAZ and cracks, around the sidewalls of the AFCHs
drilled with LDIA are up to 100 um and 3 um, respec-
tively. The main phases in the oxide layer, recast layer
and HAZ are a-Al,Os, y-Ni and 5-NiAl, respectively.
Except for the HAZ with a thickness ranging from
500-2000 nm, the AFCHs drilled with LDIA + CWALD
are free from oxide layer, recast layer and cracks. As for
the HAZ around the AFCHs drilled by LDIA + CWALD,
the main phase is 8-NiAl. The present work has proved
that the asynchronous operation of LDIA + CWALD is a
promising drilling technique for AFCHs of turbine
blades with minimal processing-induced defects. The
asynchronous operation of LDIA + CWALD may have
wide application in micro holing and green manufactur-
ing in the future.
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