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Abstract: Microholes have crucial applications in aerospace, the automotive industry, and other
industries. In this study, the microhole processing technology based on the femtosecond-laser
spiral trepanning method was investigated. By adjusting the spiral scanning path, laser power
distribution, and defocusing amount to control laser energy distribution, an inverted cone hole,
straight hole, and normal cone hole were obtained finally. The morphology and element of the
microhole were investigated by scanning electron microscopy (SEM) equipped with energy-dispersive
X-ray spectroscopy (EDX). The experimental results of the femtosecond-laser spiral trepanning
method could achieve fewer impurities. Finally, the formation mechanisms of different microholes
are explained in detail. The method is simpler and more efficient than the traditional microhole
processing technology. The femtosecond-laser spiral trepanning method with controllable hole
roundness, accuracy, and taper has important practical significance in microhole processing.

Keywords: femtosecond machining; microholes; spiral trepanning

1. Introduction

With the development of the aerospace industry, increasing the inlet temperature of the turbine is
the most effective way to achieve a high thrust-to-weight ratio of new aero-engines [1,2]. Therefore,
it is necessary to machine film holes on the blade to cool and isolate the blade. By varying the size
and taper of the film holes, the flow characteristics of the turbine can be changed to produce different
film cooling effects [3]; therefore, the machining of film holes with different tapers has always been
a key technology for machining aero-engine turbine blades. Besides, in the fuel injection structure,
the micro-hole cone in the fuel injection nozzle has a very important influence on fuel atomization [4].
Microholes play an important role not only in the aviation [5] and automotive [6] industries but are
also relevant to the field of microfluidics, where they are used in microfluidic chips [7], electronics [8],
biomedicine [9], and other fields [10]. Therefore, it is of great significance to realize the controllable
roundness, accuracy, and taper machining technology for engineering applications.

At present, the main microhole machining methods include electrochemical machining [11,12],
electrical discharge machining [13,14], electron-beam machining [15], ultrasonic machining [16],
and ion-beam processing [17]. However, comparing with femtosecond-laser machining [18,19],
the electrochemical machining, electrical discharge machining and ultrasonic machining are complex

Appl. Sci. 2020, 10, 7508; doi:10.3390/app10217508 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-8535-112X
http://www.mdpi.com/2076-3417/10/21/7508?type=check_update&version=1
http://dx.doi.org/10.3390/app10217508
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 7508 2 of 12

to process microholes of different sizes and tapers. Besides, electron-beam machining is extremely
expensive. Therefore, electron-beam machining is not suitable for practical industrial applications.

The commonly used laser microhole processing methods are mainly divided into three categories
(Figure 1): percussion drilling [20], ring cutting [21], and spiral trepanning [22]. In percussion drilling,
the laser is directly focused on the material to make impact. Here, the hole type and accuracy depend
on the beam quality after focusing, and the microhole depth-to-diameter ratio is not high; thus, it is
difficult to process deep holes; moreover, the aperture needs to be adjusted to adjust the focusing
lens and laser power, and the molten material can easily accumulate near the microhole, resulting in
poor processing quality. For example, Park et al. [23] used a femtosecond laser to perform impact
drilling experiments on a copper surface, and many recast layers and impurities occurred around the
microholes. The method is difficult to achieve microholes of different sizes and tapers. The second
method, ring cutting, involves repeatedly scanning the sample along a circular path; however, with the
increase in the cutting depth, removing the material becomes increasingly difficult, which can lead
to the repeated heating of the surface chip and the subsequent formation of a recast layer and a
heat-affected zone. Wang et al. [22] achieved annular drilling on K24 superalloy by femtosecond-laser
processing, and the results showed that significant impurities occurred around the microholes. Besides,
the ring cutting method cannot process different taper microholes. The third method, spiral trepanning,
involves moving the focused spot scan along a certain trajectory, using an optical system. The spiral
trepanning is conducted from the inside to the outside, and the material is removed step by step from
the top to the bottom. The heat-affected zone and the recast layer are also smaller than those of the
other processes, which can achieve the accurate control of the microhole size. The advantage of this
method is the highly precise control of the hole diameter. The hole size can be arbitrarily adjusted,
and a high depth-to-diameter ratio can be achieved. Wang et al. [22] also achieved spiral trepanning
on K24 superalloy by femtosecond-laser processing, and the quality of microholes had been greatly
improved. However, the method could not achieve inverted an cone hole.
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Therefore, in this study, femtosecond-laser spiral trepanning was used to process microholes.
By varying the path of spiral scanning and laser power, microhole with different tapers can be realized.
Meanwhile, the roundness, accuracy, and taper of microholes can be controlled. To achieve a larger
taper, the defocusing amount was investigated. The experimental results showed that the method is
viable. Compared with the previously reported method [11–17,21–23], the femtosecond-laser spiral
trepanning method is very simple and highly efficient for processing different taper microholes. Besides,
the formation mechanism of different microholes is also explained in this paper.

2. Experimental Setup

The femtosecond-laser processing equipment used in the experiment (Figure 2) mainly included a
femtosecond laser, reflector, beam-scanning system, focusing lens, and five-axis positioning platform.
The model of the femtosecond laser was Light Conversion l17771, which emits a wavelength of 1064 nm
with the maximum average power of 20 W at 30 kHz repetition rate and a pulse width of 200 fs.
The focusing spot diameter was 20 µm. The beam scanning module was mainly composed of two
wedges (Figure 2), which were used to control the laser beam scanning path. The motion accuracy of
the PI platform was 1 µm. The air pressure is set to 0.3 Pa. The sample size was 40 × 40 × 2 mm2 of
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304 stainless steel. The sample was fixed on the fixture, which was installed on the five-axis positioning
platform. All experiments were carried out in a clean room and at constant temperature.
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First, we mainly studied the influence of the increment of radius angle, the number of circles,
and the power of each circle on microhole machining. Before laser processing, the sample was immersed
in ethanol for 10 min for ultrasonic cleaning and impurities removal; then, the sample was taken out to
dry. The specific laser parameters were as follows: the laser scanning speed was 2400 mm/s, the starting
angle was adjusted to 3◦ through the wedge, and each layer was scanned for 4 cycles. The laser power
of the first cycle was 45%, the increment of radius angle was 1.1◦, and the number of circles was 2.
The laser power of the second circle was 50%, the increment of radius angle was 0.8◦, and the number
of circles was 2. The laser power of the third circle was 55%, the increment of radius angle was 0.3◦,
and the number of circles was 10. The laser power of the fourth circle was 60%, the increment of radius
angle was 0.1◦, and the number of circles was 18. After the first layer was scanned, the vertical feed
was adjusted to 0.01 mm (the Z-axis was adjusted by the five-axis motion platform to make the laser
focus drop by 0.01 mm), and the number of feeding layers was adjusted according to the material
thickness, with the maximum of 400 layers. The microhole diameter was determined by the incident
beam deflection angle and the focal length f of the focusing lens, and the corresponding relationship is
D = d + d0 = 2F · tan θ + d0, where D is the processing aperture, d is the scanning diameter of the spot,
F is the focusing lens focal length, θ is the deflection angle between the beam incident to the focusing
lens and the focusing lens optical axis, and d0 is the laser spot diameter. The schematic diagram and
trajectory of laser spiral scanning are shown in Figure 3. Finally, an inverted cone hole with an entrance
diameter of 0.30 ± 0.01 mm and an exit diameter of 0.35 ± 0.01 mm was required to be machined on a
2-mm-thick stainless steel sample.
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3. Results and Discussion

The microholes of a femtosecond laser–processed stainless steel are displayed in Figure 4.
The average diameters of the microhole entrance and exit were 0.3056 and 0.3524 mm, respectively.
Meanwhile, there was almost no slag at the microhole entrance after processing (Figure 4a). However,
due to the thermal effect, a circle of black oxide was formed on the surface near the microhole entrance,
mainly because the outer ring of the laser scanning path was relatively dense and the power was
relatively large. Shi et al. [24] found that in microhole drilling via laser trepanning, the oxygen amount
decreased with further movement away from the microhole entrance. Figure 4b is a microscopic
picture of the microhole exit in this study. No obvious slag occurred at the exit after processing, but a
small amount of debris existed in the lower right corner. Moreover, the black oxide circle around the
microhole exit was larger than that around the microhole entrance, but the oxide color around the
exit was relatively light. The mass ratios of different elements observed by energy-dispersive X-ray
spectroscopy (EDX) are presented in Table 1. In the table, A and C denote areas near the microhole,
while B and D are areas away from the microhole, about 100 µm from A and C. The oxygen mass
ratios of areas A and C (6.35% and 6.32%, respectively) were higher than those of areas B and D
(5.17% and 5.07%, respectively), which proves the above explanation. In addition, the main reason for
the difference in black oxide area between the microhole entrance and exit was that the air pump could
blow away the debris and reduce the surface temperature, but with the increase in the laser processing
depth, a small amount of residual debris occurred at the inner wall and back surface of the microhole
exit. Moreover, an oxide layer was generated on a relatively large area of the microhole exit, due to
the poor slag-discharge quality and the continuous accumulation of temperature. By simultaneously
studying the morphology of the microhole and the mass ratio of different elements, it is possible to have
a more comprehensive understanding of the effect of femtosecond laser processing of the microhole
than simply observing the surface morphology of the microhole [22].
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Table 1. Mass ratios of different elements in different regions of the microhole entrance and exit.

Element A B C D

C 0.88 0.82 1.32 1.08

O 6.35 5.17 6.32 5.07

Si 0.92 0.94 1.37 1.14

Cr 16.03 16.19 16.90 16.98

Fe 68.13 68.87 66.30 68.32

Ni 7.69 7.90 7.80 7.41

The error of the average entrance and exit diameters of the microholes processed by this spiral
machining method was less than 6 µm, and the precision of the micro-holes is higher than that
previously reported [21–23]. Roundness and taper are important indexes to estimate the microhole
quality. The maximum and minimum diameters of the microhole entrance were 0.3082 mm and
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0.3012 mm, respectively. The maximum and minimum diameters of the microhole exit were 0.3600 mm
and 0.3364 mm, respectively.

Therefore, the microholes roundness can be calculated as follows:

Φ1 =
DMAX −DMIN

2
=

0.3082− 0.3012
2

= 0.0035 mm,

Φ2 =
dMAX − dMIN

2
=

0.3600− 0.3364
2

= 0.0118 mm.

The microholes taper can be calculated as follows:

C = tanα =
D− d

L
=

0.3524− 0.3056
2

= 0.0234,

α = arctan(0.0234) = 1.34◦. (1)

where Φ1 and Φ2 are the roundness at the microhole entrance and exit, respectively; α is the taper of
the inverted cone hole; D is the microhole entrance diameter; d is the microhole exit diameter; and L is
the material thickness. The roundness and taper of micro-holes can be obtained by the above formula.
It can be found that the entrance had a smaller circularity than the exit; this was mainly because the
air pump could blow debris at the microhole entrance and reduce the surface temperature; therefore,
the inner hole wall and the exit had a higher amount of debris and temperature than the entrance,
which caused the difference in circularity between the entrance and exit. Finally, the microhole taper
angle was obtained as 1.34◦.

To analyze the microhole formation process, the micromorphology of the whole inverted cone
hole was observed by adjusting the number of feeding layers during femtosecond-laser processing.
The scanning electron microscopy (SEM) images of feeding layers 2, 4, 10 and 50 are shown in Figure 5.
With the increase in the feeding layers, the taper of the inverted cone hole was gradually formed.
From the path distribution and energy distribution of the spiral scanning, it can be seen that the number
density of the inner ring was small, and the laser energy was relatively low; however, the number
density of the outer ring was high, and the laser energy was high. It can be observed that when the
laser processing started, the inner ring etching trace was relatively shallow, and the outer ring etching
depth was relatively deeper. As the depth increased, the depth difference between the inner and
outer circles also increased. Moreover, with the increase in the number of feed layers, the hole depth
gradually increased, and the energy increased gradually in the outer ring will diffuse to the outer ring.
Therefore, the energy of the outer ring presented a gradient change between the initial front processing
and the complete processing of the microhole. This change in the energy gradient caused the formation
of the microhole taper. In addition, the low laser-scanning speed can result in higher-quality and more
symmetrical holes than a high scanning speed [25]. However, low scanning speed results in a low
machining efficiency; therefore, it is necessary to improve the scanning speed to meet the requirements
of microholes machining.

Furthermore, we also explored microholes with different tapers formed under different scanning
trajectory parameters. We obtained the scanning parameters of microholes with taper angles of 0.03◦

and 3.09◦ formed under different scanning paths and power distributions (Table 2). The air pressure
is set to 0.3 Pa. The microhole taper size was mainly controlled by changing the laser scanning path
and power. In the scanning paths of the normal cone hole, the inner ring was dense and the energy
was high, while the outer ring was sparse and the energy was low. In contrast, in the scanning paths
of the straight hole and the inverted cone hole, the inner ring was sparse and the energy was small,
while the outer ring was dense and the energy was high. The most important thing is that the taper
of the microhole is controllable. Besides, compared with the microhole that Wang et al. [22] used
femtosecond-laser spiral trepanning processing on, K24 superalloy, the microholes have a high level
of precision.
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Table 2. Scanning parameters of femtosecond-laser with different tapers.

Taper 0.03◦ 3.09◦

Scanning
Parameters

Radius Angle
Increment

Number of
Turns Power (%) Radius Angle

Increment
Number of

Turns Power (%)

Lap 1 2 2 50 0.2 4 55

Lap 2 1 6 55 0.3 6 55

Lap 3 0.3 11 60 0.6 8 55

Lap 4 0.1 14 65 0.8 10 55

The microhole images obtained by the experimental parameters in Table 2 are shown in
Figures 6 and 7. The microhole was relatively round, but there was a certain deviation at the microhole
exit (Figure 6a,b), which was mainly due to the influence of slag discharge on the microhole at the exit.
We observed the microstructure of the inner wall of the microholes to further understand the processing
quality of the microholes. As shown in Figure 6c, no obvious metal residue and molten substance
formation occurred at the top, center, and bottom of the inner wall surface after femtosecond-laser
processing. Moreover, no obvious processing traces occurred on the inner wall after laser processing.
In addition, the mass ratios of different elements at the top, center, and bottom of the microhole
cross section are presented in Table 3. The mass ratios of carbon and oxygen decreased from the
microhole top to bottom; this may be because the stainless steel surface temperature was relatively
low at the beginning. When the laser suddenly heats up, the oxygen in the air will quickly react
with the high-temperature stainless steel surface to produce black oxide. With the increase in the
processing depth, the stainless steel surface temperature tends to be stable. The oxygen and carbon
dioxide contents in the microhole were also relatively low and thus could not easily oxidize the
high-temperature stainless steel surface. Therefore, with an increase in the microhole depth, the carbon
and oxygen contents on the microhole inner wall gradually decreased.

The entrance and exit of the micro-hole with a taper of 3.09◦ are displayed in Figure 7a,b.
The entrance and exit surfaces were slippery, but black oxide existed close to the microhole owing to
the laser processing the stainless steel. The microhole cross section (Figure 7c) shows that the microhole
was not a full normal cone hole. The walls of the microhole top and center were vertical, and the
taper was gradually formed at the bottom. This was because the energy gradually accumulated to the
threshold value of stainless steel at the microhole top and center. However, the microhole bottom was
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tapered, because the laser energy inside the microhole was higher than that outside, and the energy
penetrated the stainless steel without removing the outer material of the microhole. Figure 7 shows that
the microhole top, center, and bottom had some impurities covering the inner wall; however, the inner
wall was smooth where there were no impurities. Thus, we infer the impurities were sputtered material
on the inner wall, not molten material of the inner wall.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 12 
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Table 3. Mass ratios of different elements at the top, center and bottom of the microhole cross section.

Element Top Centre Bottom

C 1.42 1.01 0.73

O 19.99 20.47 15.85

Si 1.48 1.97 1.32

Cr 15.09 15.24 15.79

Fe 56.41 55.04 59.72

Ni 5.61 6.26 6.59

Furthermore, the mass ratios of different elements at the top, center, and bottom of the microhole
cross section are presented in Table 4. The mass ratios of carbon and oxygen gradually decreased.
One possible reason for this corresponds to the explanation of Figure 6c. The other reason is that the
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laser energy of the microhole outer wall gradually decreased with the increase in processing depth.
Therefore, with the deepening of the microhole, the carbon and oxygen contents on the microhole inner
wall gradually decreased.

Table 4. Mass ratios of different elements at the top, center, and bottom of the microhole cross section.

Element Top Center Bottom

C 1.71 0.99 0.97

O 9.55 7.04 5.86

Si 1.49 1.10 1.05

Cr 14.04 15.84 17.10

Fe 68.26 70.49 70.19

Ni 4.95 4.54 4.83

Different scanning paths of the femtosecond laser can lead to different micro-hole tapers.
The formation mechanism of the inverted cone hole (Figure 8a) is described. First, by changing
the scanning path, the number of cycles of the outer ring becomes relatively dense, and the energy is
relatively high. This way, the depth of the microhole outer ring can be higher than that of the inner
ring. Therefore, the processing contour of the microhole begins to appear from the outer ring, which is
consistent with the microhole morphology in Figure 5. Moreover, due to the high energy of the outer
ring, the external temperature is also accumulating as the process continues; with the increase in the
depth, the taper gradually accumulates and finally forms an inverted cone. Moreover, the black oxide
distribution range at the microhole entrance was smaller than that at the exit, which was due to the
continuous heat accumulation. Finally, the thermal radiation at the microhole exit was larger than
that at the entrance; thus, the black oxide distribution range was larger than that at the entrance,
which further confirms our conjecture.
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Furthermore, the formation mechanism of the straight holes (Figure 8b) is described. From Table 2,
the straight cone had fewer circles in the outer diameter and more intermediate circles than the inverted
cone. Therefore, the energy of the outer ring diffused less to the outer ring and finally formed a
straight hole. The energy distribution in the straight pores fabrication is not uniform, because if a
uniform energy distribution is used, the edge can easily diffuse energy in the microhole construction
process, while the internal energy dissipation will be relatively slow. Finally, the inner ring energy
is high and the outer ring energy is low. The constructed microholes are often normal cone holes.
Therefore, the energy of the outer ring is slightly larger than that of the inner ring to construct a straight
hole. Wang et al. [22] fabricated a film hole by spiral trepanning with average power, and a normal
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cone hole appeared finally. It is evident that spiral trepanning with average power cannot fabricate a
straight hole.

The formation mechanism of a normal cone hole (Figure 8c) is described. Table 2 shows that the
inner ring of the laser scanning path is relatively dense, and the outer ring is sparse, and the power
is 55%. Therefore, the inner ring energy is higher than the outer ring energy, which is similar to the
Gaussian light energy distribution. Finally, the shape of the processed microhole is also a normal cone,
and the morphology is similar to that of Figure 7c. The cross section of the microhole is consistent.

In the process of microhole fabrication via femtosecond-laser processing, the factors affecting
the microhole taper include the following: the initial phase, transverse displacement of the beam,
the focal length of the focusing lens, beam quality, and defocusing amount. The initial phase,
transverse displacement, and focal length of the focusing lens determine the laser incident angle.
The beam quality is equivalent to the tool head. A good tool head will improve the processing efficiency.
A poor beam quality will affect the material removal by the laser, resulting in a poor taper. The scanning
path, air pressure, defocusing amount, and other factors will affect the microhole taper. This study
mainly investigated the influence of the processing technology on the microhole taper. The experiments
clearly showed that the different microhole taper was processed by adjusting the distribution of scanning
path and power. Moreover, in addition to the influences of the scanning path and power, the influences
of the pressure of air pump and defocusing amount on the microhole taper was also studied.

The effects of air pressure and defocusing amount on the microhole taper is shown in Figure 9.
With the increase in air pressure from 0.2 Pa to 0.4 Pa, the microhole tapers were slight differences.
The air pressure mainly cools down the temperature of the microhole and blows away the melt caused
during the laser processing microhole. The lack of obvious slag at the entrance demonstrates this point.
Besides, the air pressure has an effect on the refractive index, which affects the formation of micropores
when the laser propagates through the expanding plasma and gas [26]. However, according to the
previous research [27], with the air pressure continuing to increase, the heat dissipation from the molten
material will increase, and thereby causing re-solidification, as a result of which obvious slag occurs
at the entrance of microhole. Besides, the microhole tapers were marked variation with the change
of defocusing amount. The trend of results illustrates that the negative defocus could produce the
inverted cone hole, while the positive defocus could produce the normal cone hole. Moreover, the taper
increased with the increase in defocusing amount. The method enlarges the taper of microholes by
varying the defocusing amount, which is very important for fabricating a larger angle taper microhole.
In addition, with the defocusing amount continuing to increase, the laser energy will be low and the
microhole is difficult to process.

Furthermore, according to the method of varying defocusing amount, we provide some
experimental results. Figure 10a shows a −1.24◦ taper microhole obtained with a negative defocus of
0.5 mm based on the laser processing parameters of 0.03◦ in Table 2. Figure 10b shows a 5.24◦ taper
microhole obtained with a positive defocus of 0.5 mm based on the laser processing parameters of
3.09◦ in Table 2. The decrease in the defocusing amount will weaken the center energy of the laser
spot, but the laser processing range will radiate outward. Therefore, for the case of the −1.24◦ taper
hole, the change in the defocusing amount will cause the energy of the laser outer ring to radiate
more broadly, and a microhole with an inverted cone hole can be obtained. For the 5.24◦ taper hole,
the change in the defocusing amount will disperse the energy of the outer ring with weak energy, so it
is more difficult to remove the material. However, the inner ring has higher energy, and the influence
of defocusing on the inner ring is smaller than that on the outer ring. Finally, a normal cone hole with
a larger taper is formed. Although the experiment results shown in Figure 10 have some impurity on
the inner wall of the microhole, the method enlarges the angle of the taper microhole by increasing the
defocusing amount and varying the laser processing parameters.
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4. Conclusions

In this paper, the femtosecond-laser is used to perform microhole machining. By varying the
scanning path and energy distribution, an inverted cone hole, straight hole, and normal cone hole
could be obtained. The reasons for forming different taper microholes can primarily ascribe different
energy distributions by analyzing SEM and EDX. Besides, the effects of air pressure and defocusing
amount on the microhole taper were researched. The results show that air pressure has a slighter
effect on the taper of the microhole. However, the increase in defocusing amount can process a large
taper microhole. Compared with the traditional method and femtosecond-laser percussion drilling,
ring cutting, the femtosecond-laser spiral trepanning by varying energy distribution, is very simple
and highly efficient for processing different taper microholes. Moreover, owing to the ultra-short
pulse cold-working characteristics of the femtosecond laser, the quality of the microhole processed
was free of molten matter and cracks. However, some problems still exist —namely, that it is not
easy to prepare an inverted cone with a large taper, and a small amount of molten material covers
the inner wall of the micropore. Aero-turbine blade film and engine nozzles require the machining
of a high-quality and different taper of a microhole; therefore, the microhole machining technology
based on femtosecond-laser spiral trepanning by varying the scanning path, energy distribution and
defocusing amount can be applied in aerospace, the automotive industry, and other industries.
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