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Abstract Short-pulsed lasers are of significant industrial
relevance in laser drilling, with an acceptable compromise
between accuracy and efficiency. However, an intensive
research with regard to qualitative and quantitative char-
acterization of the hole quality has rarely been reported. In
the present study, a series of through holes were fabricated
on a high-temperature alloy workpiece with a thickness of
3 mm using a LASERTEC 80 PowerDrill manufacturing
system, which incorporated a Nd:YAG millisecond laser
into a five-axis positioning platform. The quality of the
holes manufactured under different laser powers
(80-140 W) and beam expanding ratios (1-6) was char-
acterized by a scanning electron microscope associated
with an energy-dispersive X-ray analysis, focusing mainly
on the formation of micro-crack and recast layer. Addi-
tionally, the conicity and circularity of the holes were
quantitatively evaluated by the apparent radius, root-mean-
square deviation, and maximum deviation, which were
calculated based on the extraction of hole edge through
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programming with MATLAB. The results showed that an
amount of melting and spattering contents were presented
at the entrance end and the exit end of the holes, and micro-
cracks and recast layer (average thickness 15-30 um) were
detected along the side wall of the holes. The elemental
composition of the melting and spattering contents and the
recast layer was similar, with an obvious increase in the
contents of O, Nb, and Cr and a great reduction in the
contents of Fe and Ni in comparison with the bulk material.
Furthermore, the conicity and circularity evaluation of the
holes indicated that a laser power of 100 W and a beam
expanding ratio of 4 or 5 represented the typical optimal
drilling parameters in this specific experimental situation.
It is anticipated that the quantitative method developed in
the present study can be applied for the evaluation of hole
quality in laser drilling and other drilling conditions.

1 Introduction

Nowadays, laser manufacturing has been adopted as an
effective technology to produce micro-features in various
materials, such as metal, silicon, and ceramic [1]. As an
intensified thermal source, the focused laser beam can
achieve removal of materials according to a predetermined
path through melting or vaporization [2]. The great demand
for precision holes has promoted rapid development of
laser drilling in many fields. Specifically, laser drilling has
been applied in aerospace industry to manufacture shaped
film holes in turbine blade. These film holes vary signifi-
cantly in morphology and inclination angle, forming a
protective cooling layer between the hot gases and the
external surfaces of the turbine blade [3]. Generally, three
strategies have been developed to fulfill different require-
ments in laser drilling, including single pulse drilling,
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percussion drilling, and trepan drilling [4, 5]. However,
regardless of the use of either drilling strategy, the molten
material tends to re-solidify on the side wall of the holes
and results in the formation of a so-called recast layer,
which is extremely detrimental due to the introduction of
potential sites with an amount of micro-cracks [6, 7].

Over the years, different attempts have been tried to
reduce the thickness of recast layer and to improve the
quality (e.g., morphology, circularity, conicity) of holes
prepared by laser drilling, including ultrasonic vibration
[8], water jet-guided fabrication [9], and helical drilling
strategy [10]. Alternatively, ultrafast laser, represented
typically by picosecond and femtosecond lasers, has been
advocated for the manufacturing of precision holes because
the materials are mainly removed through vaporization and
almost no thermal effects occur during this process [11,
12]. For example, picosecond laser helical drilling, asso-
ciated with a high-speed laser beam rotation apparatus, has
been reported to manufacture various holes on stainless
steel with very high quality (recast layer thickness less than
5 pum) in comparison with nanosecond laser drilling [13,
14]. However, conventional short-pulsed lasers still play an
important role in laser drilling as a result of the enhanced
drilling efficiency on condition that the drilling parameters
are optimally adjusted [15]. From a systematic review of
previous studies, it is realized that the characterizations of
hole quality are generally morphology based and an
intensive examination containing both qualitative and
quantitative descriptions has not been available. Therefore,
in the present study, we primarily aim to develop a method
for quantitative evaluation of the quality of holes during
laser drilling.

2 Materials and methods
2.1 Experimental setup

A series of laser drilling experiments were performed on a
high-temperature alloy workpiece (GH169 in China, also
known as Inconel 718 internationally, thickness 3.0 mm)
employing a LASERTEC 80 PowerDrill manufacturing
system (DMG Asia Pacific Pte Ltd, Singapore), which
incorporated a Nd:YAG laser (wave length 1064 nm; pulse
length 0.1-20 ms; pulse frequency 0.1-500 Hz; maximum
power 300 W) into a five-axis positioning platform (X/Y/
Z axis range 800 mm x 500 mm x 700 mm; X/Y/Z axis
accuracy 0.01 mm; swivel/rotary axis range —90°-160°%
360°). The laser beam travelled within the drilling head
(along Z axis) and passed through the nozzle before reaching
the workpiece, and the assist gas was supplied coaxially
through the nozzle, blowing away the molten materials
during drilling process. The workpiece was polished
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consecutively using abrasive paper (2807, 600%, 1000%, and
2000") and polyurethane polishing pad with the presence of
diamond paste (size 1.5 pm). The surface roughness value
was measured by a micro-XAM-3D optical interferometer
(~30 nm), with a scanning area of 0.8 x 0.6 mm?>.

The trepan strategy was adopted to drill through holes
(diameter 0.5 mm) on the workpiece, which was achieved
by precise movement of the positioning platform (with the
workpiece stably attached) in the horizontal plane. The
primary drilling parameters were summarized under two
experimental conditions as follows: (1) laser power
80-140 W; beam expanding ratio 4; and assist oxygen
pressure 0.4 MPa and (2) laser power 100 W; beam
expanding ratio 1-6; and assist oxygen pressure 0.4 MPa.
All the holes were drilled vertically at 90° to the work-
piece, with the laser beam focusing on the top surface by a
focusing lens (focal distance 150 mm; focus diameter
~0.2 mm. Note that focus diameter is affected by beam
expansion and laser power, and it varies under different
setup). The other drilling conditions were summarized as
follows: (a) pulse duration 1 ms; (b) laser repetition rate
30 Hz; (c) trepanning path diameter 0.5 mm; (d) trepan-
ning velocity 25 mm/min; (e) repetition of the trepanning
path 5 loops. The separation of every two holes was at least
5 mm, in order to avoid the thermal effects during laser
trepan drilling. The fabrication of each hole was repeated
three times to enable statistical validity.

2.2 Characterization of hole quality
2.2.1 Morphological and elemental analyses

Following completion of laser trepan drilling, the entrance
end and the exit end of the holes were examined using a
Quanta 200 FEG scanning electron microscope (SEM, FEI,
Eindhoven, Netherlands) to detect the formation of melting
and spattering contents surrounding the holes, without any
treatment of the workpiece. Additionally, a comparison of
elemental composition between the bulk material and the
melting and spattering contents was performed employing
an energy-dispersive X-ray (EDX) analysis.

2.2.2 Apparent radius, RMS deviation, and maximum
deviation

The boundary of the holes at both the entrance end and the
exit end was matched on the SEM micrographs through
programming with MATLAB 7, based on the extraction of
the gradient level. In detail, the boundary of one hole was
considered to be composed of points with the greatest
gradient. Therefore, the edge points were determined by
Q = {p(x,y)||Vp(x,y)| > 6}, where 6 was an adaptive
threshold obtained from the measured surface. Note that
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due to the presence of potential defects on the surface,
some false points may be taken as edge points inappro-
priately. In this case, the morphological operators such as
dilation and erosion can be used to eliminate isolated
defects [16]. Subsequently, the edge curve of the hole was
fitted as a circle using the least-squares method (a,b,r) =

2
argmin  y_ {r— \/(x— a)} +(y-b)?|,
p(xy)eQ

apparent radius r was determined. The average value of the
apparent radius was obtained for the holes fabricated with
the same drilling parameters, and the conicity of the holes
was calculated as the value of the apparent radius of the
entrance end divided by that of the exit end. Additionally,
the average values of the RMS deviation and the maximum
deviation (nominated as the root-mean-squares value and
the peak-to-valley value of the difference between the edge
curve of the hole and the fitted circle, respectively) were
also calculated to evaluate circularity of the holes
quantitatively.

and the

2.2.3 Micro-cracks and recast layer

The workpiece was slightly polished employing poly-
urethane polishing pad with the presence of diamond paste

(size 1.5 pm) to remove the melting and spattering contents
on the surface and investigated using the SEM at an inclined
angle of 20°, through which the formation of potential
micro-cracks along the side wall of the holes could be
observed. Subsequently, the workpiece was fabricated into
smaller fragments through wire electrode cutting (with one
hole on each fragment), and all the fragments were mounted
stably within an EpoFix resin (Struers, Denmark) after
curing overnight. Finally, the longitudinal section of the
holes was adequately polished, exposed, and investigated
using the SEM associated with EDX analysis to enable the
examination of recast layer along the side wall of the holes
and the comparison of elemental composition between the
bulk material and the recast layer.

3 Results

3.1 Evaluation of morphology and element by SEM
and EDX

The SEM micrographs shown in Figs. 1 and 2 demon-
strated the surface morphology of the entrance end and the
exit end of the through holes fabricated on the high-

Fig. 1 SEM micrographs showing surface morphology of the entrance end and the exit end of the holes, with different laser powers from 80 to

140 W. Bar 0.2 mm

Fig. 2 SEM micrographs showing surface morphology of the entrance end and the exit end of the holes, with different beam expanding ratios

from 1 to 6. Bar 0.2 mm
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Fig. 3 Comparison of elemental composition between the bulk material (Area 1) and the melting and spattering contents (Area 2) of high-
temperature alloy. Laser power 80 W; beam expanding ratio 4

Table 1 Comparison of elemental composition (wt%) between the bulk material and the melting and spattering contents of high-temperature
alloy

Element B C O Al Si Nb Mo Ti Cr Fe Ni

Bulk material 1 2.15 4.95 0.25 0.79 0.27 5.10 2.67 1.19 17.61 16.88 48.14
Melting and spattering contents 2 2.95 5.50 22.65 3.70 0.36 19.15 0.57 5.84 34.67 247 2.15

temperature alloy workpiece with different laser powers  demonstrated in Fig. 4. The calculation of apparent radius,
(80-140 W) and beam expanding ratios (1-6). It was RMS deviation, and maximum deviation at both the
obvious that the entrance end appeared much rougher in  entrance end and the exit end of the holes fabricated with
comparison with the original workpiece, with the presence  different laser powers (80-140 W) and beam expanding

of a layer of melting and spattering contents which accu-  ratios (1-6) is displayed in Figs. 5 and 6, respectively.
mulated around the holes. The exit end was relatively As for the holes drilled with various laser powers, the
smoother than the entrance end, and an amount of round- apparent radius did not change markedly at the entrance

shaped melting and spattering contents were detected on  end and the exit end. This was consistent with the visual
the surface. It was indicated from a visual inspection of the =~ observation from the SEM micrographs. However, it was
SEM micrographs that the size of the holes manufactured  noted that all the apparent radius values were larger than
with different laser powers was similar. However, with  the pre-established input (diameter 0.5 mm). The conicity
regard to those holes drilled with different beam expanding  of the holes was calculated as 1.08, 1.06, 1.10, 1.07, 1.07,
ratios, basically the size showed a decreasing trend at the 1.06, and 1.10 for laser powers of 80—140 W, respectively.
entrance end and an increasing tendency at the exit end. Additionally, the values of RMS deviation and maximum

The comparison of elemental composition between the  deviation varied greatly for different laser powers, and no
bulk material (Area 1) and the melting and spattering  obvious patterns were obtained. However, it seemed that a

contents (Area 2) surrounding a hole (laser power 80 W;  laser power of 100 W could represent a compromise choice
beam expanding ratio 4) is presented in Fig. 3 and Table 1.  with acceptable conicity and circularity.
A significant increase in the contents of O, Nb, and Cr was Regarding the holes fabricated with different beam
observed, with an obvious reduction in the contents of Fe  expanding ratios, the apparent radius decreased signifi-
and Ni. cantly at the entrance end with the increase in beam
expanding ratio, while it displayed a slightly increasing
3.2 Characterization of apparent radius, RMS trend at the exit end. Similarly, the apparent radius values
deviation, and maximum deviation were all larger than the pre-established input (diameter

0.5 mm). The conicity of the holes was 1.85, 1.56, 1.28,
A typical example showing the fitting of hole edge on the  1.10, 0.99, and 1.00 for beam expanding ratios of 1-6,
SEM micrograph, represented by a white curve, is  respectively. In addition, the values of RMS deviation and
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Fig. 4 A typical example demonstrating the fitting of hole edge on the SEM micrograph by programming with MATLAB 7
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Fig. 5 Calculation of apparent radius, RMS deviation, and maximum deviation at the entrance end and the exit end of the holes, with different
laser powers from 80 to 140 W

maximum deviation were relatively smaller for beam 3.3 Formation of micro-cracks and recast layer
expanding ratios of 2, 4, and 5, indicating a good circu- along the side wall of the holes

larity of the holes. On the consideration of a larger conicity

for the holes fabricated at beam expanding ratio of 2, it was ~ The side wall of the holes drilled with different laser
considered that a beam expanding ratio of 4 or 5 was  powers (80-140 W) and beam expanding ratios (1-6)
preferable. appeared very rough, and the formation of micro-cracks
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Fig. 6 Calculation of apparent radius, RMS deviation, and maximum deviation at the entrance end and the exit end of the holes, with different

beam expanding ratios from 1 to 6

was clearly presented in two representative SEM micro-
graphs with high magnification, as shown in Fig. 7a, b. The
drilling parameters were as follows: (a) laser power
130 W; beam expanding ratio 4; (b) laser power 100 W;
and beam expanding ratio 2.

Figures 8 and 9 demonstrate the longitudinal section of
the holes fabricated with different laser powers
(80-140 W) and beam expanding ratios (1-6), respec-
tively. Regarding the holes drilled with various laser
powers, it was indicated that the size of the holes was
generally uniform from the entrance end to the exit end,
especially for the laser powers of 100-140 W, Fig. 8a.
The formation of recast layer along the side wall of a
typical hole (laser power 80 W) is shown in Fig. 8b, and
the average thickness of the recast layer was calculated to
be about 15-30 um. Additionally, the presence of micro-
cracks within the recast layer was also observed,
extending till the boundary of the bulk material. As for the
holes manufactured with various beam expanding ratios,
an obvious conicity was detected for the beam expanding
ratios of 1-3, and the size of the holes was basically
uniform for the beam expanding ratios of 4-6, Fig. 9a.
Similarly, recast layer was presented along the side wall
of the holes, and a typical example (beam expanding ratio
5) is demonstrated in Fig. 9b, with an average thickness of
approximately 10-20 um. Additionally, an amount of

@ Springer

micro-cracks were detected within the recast layer as
well.

The comparison of elemental composition between the
bulk material (Area 1) and the recast layer (Area 2) along
the side wall of a hole (laser power 80 W; beam expanding
ratio 4) is displayed in Fig. 10 and Table 2. It was clear
that a significant increase in the contents of O, Nb, and Cr
was observed, with a great reduction in the contents of Fe
and Ni.

4 Discussion

The versatile ability of lasers to manufacture various holes
with irregular shape and inclined direction has greatly
promoted its application in aerospace, automotive, and
medical industries. [17]. Nowadays, laser drilling has been
accepted as a major technology for the manufacturing of
the numerous shaped film holes located in the turbine
blade, where short-pulsed lasers are mainly utilized based
on the consideration of accuracy and efficiency. The
removal of materials by short-pulsed lasers is dominated by
heat conduction, and the molten contents will re-solidify
and accumulate on the side wall of the holes, forming a
recast layer, if they are not expelled rapidly and completely
[18, 19]. Therefore, many researchers focus on the
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Fig. 7 Formation of micro-cracks along the side wall of the holes manufactured under different drilling conditions: a laser power 130 W; beam

expanding ratio 4; b laser power 100 W; beam expanding ratio 2

development of optimal drilling parameters with short-
pulsed lasers in order to improve laser drilling quality [20,
21].

In the present study, we performed a series of experi-
ments on a high-temperature alloy using a Nd:YAG mil-
lisecond laser under trepan drilling strategy. The influence
of two drilling parameters, i.e., laser power and beam
expanding ratio, on the quality of the through holes was
investigated based on both qualitative (SEM) and quanti-
tative (EDX and MATLAB programming) characteriza-
tions. It was demonstrated that an amount of melting and
spattering contents were observed at the entrance end and
the exit end, with the presence of micro-cracks and a recast
layer along the side wall of the holes. It was further con-
firmed by the comparison of elemental composition
between the bulk material and the melting and spattering

content and between the bulk material and the recast layer,
where an obvious increase in the content of O was
obtained. This is considered to be attributed to the material
removal process of short-pulsed laser drilling during which
the molten contents are oxidized before they cool and re-
solidify on the side wall of the holes, especially when
oxygen is used as the assist gas. In addition, an assumption
of the increase in the contents of Nb and Cr is considered to
be related to the cooling process. As primary strengthening
elements, Nb and Cr tend to precipitate under a relatively
slow cooling process (air cooling in the present study),
resulting in an obvious increase in the contents of these two
elements. This, as a consequence, accounts for the decrease
in the contents of Fe and Ni. The trepan strategy is an
important factor to result in the formation of melting and
spattering content and recast layer in the present study,

@ Springer
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(b)

Fig. 8 a Longitudinal section of the holes drilled with different laser powers and b the formation of recast layer along the side wall (laser power
80 W, thickness 15-30 um). Bar 0.5 mm. The arrows indicated the presence of micro-cracks within the recast layer

@ Springer
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Fig. 9 a Longitudinal section of the holes drilled with different beam expanding ratios and b the formation of recast layer along the side wall
(beam expanding ratio 5, thickness 10-20 pm). Bar 0.5 mm. The arrows indicated the presence of micro-cracks within the recast layer

because the materials are expelled axially along the side
wall of the holes to the entrance end and cannot be
removed laterally [22]. The valuable contribution of the
present study is the development of a quantitative method
for the calculation of conicity and circularity of the holes
(represented by the apparent radius, RMS deviation, and
maximum deviation), which can display the hole edge
based on the extraction of gradient level of the SEM

micrograph. This quantitative method has potential appli-
cation for the characterization of hole quality in other
drilling conditions.

A limitation of the present study is that the preferable
laser drilling parameters obtained based on the quantitative
characterization of hole quality (laser power 100 W; beam
expanding ratio 4 or 5) cannot be generalized because laser
drilling is largely material-dependent. Additionally, only

@ Springer
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Fig. 10 Comparison of elemental composition between the bulk material (Area 1) and the recast layer (Area 2) of high-temperature alloy. Laser
power 80 W; beam expanding ratio 4

Table 2 Comparison of elemental composition (wt%) between the bulk material and the recast layer of high-temperature alloy

Element B C (6] Al Si Nb Mo Ti Cr Fe Ni
Bulk material 1 2.36 5.38 0.31 0.58 0.18 493 2.50 1.19 16.92 16.51 49.14
Recast layer 2 2.23 4.81 24.17 2.51 0.47 15.79 0.44 3.84 39.10 5.45 1.19
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