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Abstract

The high processing efficiency and quality are constant pursuits for modern manufacturing industry. This paper investigated the
ablation efficiency and quality of ultrashort pulsed laser ablation of DD6 single crystal alloy based on experiments and theoretical
analysis. The experimental results showed that the ablation rate increases with the increase of laser fluence and with the decrease
of scanning speed and scanning width, while the ablation efficiency decreases with the increase of laser fluence. A relatively flat
and low melted zone ablation surface could be obtained by employing a low laser fluence and high scanning speed. The influence
of laser parameters on the ablation diameter, equivalent energy density, and heat accumulation effect was analyzed based on the
theory of laser ablation and heat conduction. The theoretical analysis revealed the material removal transforms from plasma or
vaporization removal to melt ejection with the pulse energy increases and the scanning speed decreases, which can explain the
formation mechanism of surface morphology very well. In addition, the scanning strategy of high efficiency and quality was
proposed based on the theoretical analysis and experimental results.

Keywords Ultrashort pulsed laser - Ablation mechanism - Single crystal alloy - Laser parameters - Ablation efficiency -
Surface morphology

1 Introduction divided into three types: wrought superalloy, cast superalloy,
and powder metallurgy superalloy. Waspaloy and Inconel are
Nickel-based superalloys are widely used in the fields of acro-  two typical wrought superalloys, owing to its excellent oxida-

space, petrochemical, and marine industries. According to its ~ tion, corrosion, and high temperature resistance, which are
manufacturing process, the nickel-based superalloy can be  used to manufacture the turbine disk and rotating blade [1,
2] . Monel superalloy is also a typical wrought superalloy,
which is used in the field of petrochemical and shipbuilding

B4 Ruisong Jiang due to its superior corrosion and wear resistance [3]. In addi-
jlangrs@scu.edu.cn tion, with the development of powder metallurgy technology,
the powder metallurgy superalloys have been used in the man-
! Key Laboratory of High Performance Manufacturing for Aero ufacture of acroengine turbine disk [4]. However, the casting
Engine, Ministry of Industry and Information Technology, School of  nickel-based superalloy such as nickel-based single crystal
Mechanical Engineering, Northwestern Polytechnical University, and equiaxed crystal superalloys are still requirement for the
Xi'an 710072, Shaanxi, People’s Republic of China turbine blades with higher temperature requirements.
2 . . . .
Eﬂg}llnei“ng ?eszmhlgef}tef (1)5[ A@VaﬂcidEI(\l’Ianu_facmﬁngh In order to further reduce the surface temperature of turbine
echnology for Aero Engine, Ministry of Education, Northwestern . . .
Polytechnical University, Xi’an 710072, Shaanxi, People’s Republic blades, the rows of microholes (ﬁlm cooling holes) are drﬂ.IGd
of China on blade surface to protect the turbine blade from overheating
*  School of Aeronautics and Astronautics, Sichuan University, 24# [5]. Comp a?ed with ?I?Ctnc discharge mac.h'lnlng (EDM),
Yihuan Road, Chengdu 610065, Sichuan, People’s Republic of electrochemical machining (ECM), and traditional nanosec-
China ond laser machining, ultrafast laser machining with pulse du-
4 AVIC Manufacturing Technology Institute, Beijing 100024, ration below 10ps has the potential to become a promising
People’s Republic of China processing method for manufacturing film cooling holes due
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to the advantages of small heat affected zone and good surface
quality. Therefore, effort has also been made by researchers to
apply the ultrashort pulsed laser (USP) technology to the film
cooling holes drilling on turbine blade [6—8]. However, they
found the existence of low drilling efficiency and unstable
drilling quality during laser drilling, which hence limit the
application of ultrashort pulsed laser technology on film
cooling holes machining. It is therefore critical to investigate
the ultrashort pulsed laser processing of DD6 single crystal
superalloy.

However, owing to the complex laser drilling technology,
the researchers prefer to perform the metal laser ablation ex-
periments to explore the interaction mechanism between ul-
trashort pulsed laser and metal material. To solve the problem
of low processing efficiency, many studies have been pub-
lished on the ablation rate (AR) and efficiency of ultrashort
pulsed laser ablation of metal material. Yu et al. [9] investi-
gated multiple-pulse drilling of titanium alloy by employing
the picosecond laser. They found that the material removal
rate linearly increases with the laser fluence. The similar con-
clusion could be obtained by Zhao et al. [10] in picosecond
laser ablation of stainless steel. Wu et al. [11, 12] found be-
sides laser fluence the laser wavelength has also significant
effects on ablation rate and efficiency in ultrafast laser ablation
of Cr12MoV mold steel. In addition, Ancona et al. [13] dem-
onstrated the femtosecond laser with 800-fs pulse duration
could reduce heat accumulate effect and improve processing
efficiency comparing with picosecond laser. In addition, effort
has been done on the ablation layer depth analysis to improve
the laser processing precision [14—-16].

Besides the ablation efficiency (AE), the ablation topogra-
phy and microstructure are also affected by the laser parame-
ters. Romoli [14] obtained the processing parameters of lower
areal roughness (Sa<100nm) by employing medium laser
fluence during laser ablation of AISI316L steel. Sedao et al.
[17] found the roughness of ablation surface is relatively low
by using the high scanning speed and low repetition rate,
while an about 20-pum-thick porous and rugged appear on
ablated region by employing a low scanning speed and high
repetition rate. Zhao et al. [ 18] found the ablation morphology
can be significantly improved by means of multiple scanning
strategy. In addition, Mustafa et al. [19] revealed the ablation
regimes transform from hot electron penetration depth to hy-
drodynamic motion with the increase of laser fluence and
pulse number. Villerius et al. [20] found the individual and
periodic cone-like protrusions in ultrafast laser ablation of
stainless steels by using the low laser fluence (<0.625J/cm?2)

or high laser fluence (>0.875)/cm2), while the medium laser
fluence could process a smooth ablation surface. Bauer et al.
[21] found the ablation morphology transforms from dark
rough surface covered with small bumps to a smooth surface
with the increase of scanning speed, which can be attributed to
the aggravation of heat accumulation effect. For this reason,
Weber et al. [22, 23] established a three-dimensional heat
accumulation model to reveal the potential physical mecha-
nism of different ablation topography during laser ablation
process.

In conclusion, an abundant work has been carried out on
the metal laser ablation for discussing the ablation mechanism
so as to improve the efficiency and quality of ultrashort pulsed
laser processing. As far as we know, different materials hold
different ablation properties. To solve the problems of low
processing efficiency and unstable quality in laser drilling of
nickel-based single crystal alloy, the ultrashort pulsed laser
ablation experiments on DDG6 single crystal superalloy are
carried out. And the effects of laser parameters on laser abla-
tion efficiency and surface quality are investigated. The work
is expected to obtain optimum processing parameter ranges
for nickel-based single crystal alloys and a deeper understand-
ing on the ultrashort pulsed laser ablation mechanism of single
crystal alloy.

2 Materials and experimental method
2.1 Materials

The second-generation nickel-based superalloy DD6 is used
in this experiment, in which the elementary composition is
given in Table 1. The microstructure of the DD6 superalloy
consists of cuboidal 4’ precipitates embedded in a y matrix, as
shown in Fig. 1.

2.2 Experimental device and setup

The ultrashort pulsed laser process system employed in this
work is shown in Fig. 2. It is composed of three parts: pico-
second laser system (picosecond laser generator, optical trans-
mission system), laser processing system (scanning galva-
nometer, 3-D mobile platform, and associated blowing de-
vice), and control-monitoring system (shutter, computer con-
trol system and CCD camera). The picosecond laser generator
is originated from Ekspla, Lithuania, which emits a pulsed
laser beam with pulse width of 2.1ps and repetition rate of

Table 1 Elementary composition (wt%) of single crystal alloy DD6 [24]
Elements Cr Al Mo % Ta Re Ni
wit% 3.8~4.8 5.2~6.2 1.5~2.5 8.5~9.5 7.0~9.0 6.0~8.5 1.6~2.4 Bal
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Fig. 1 The microstructure of the DD6 superalloy

75 kHz, and the other laser parameters are listed in Table 2.
Scanning speed and scanning width are adjusted by the scan-
ning galvanometer, while 3-D mobile platform is used to ad-
just the relative position of laser beam and specimen. The laser
ablation process is assisted by gas blowing of 0.30Mpa and
observed in real time with a CCD camera.

The experimental scheme of laser ablation in this work is
illustrated in Fig. 2(b), and a detailed scanning strategy is
presented in Fig. 3. The rectangular cavities with dimensions
of 1.5x1.5mm2 are removed layer by layer; the first layer of
the material was ablated along a Z-shaped path and then feeds

Shutter ™
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Fig. 2 Schematic diagram of USP processing device (a) and ablation experimental scheme (b)

to the next layer with a 90° rotations. In this work, the influ-
ence of laser fluence, scanning speed, and scanning width on
ablation rate, ablation efficiency, and quality is investigated,
and the experimental parameters that come from engineering
experience are given in Table 2 and Fig. 2(b). The scanning
speed is from 25 to 200mm/s and scanning width from 0.01 to
0.05mm. The mean laser power is from 5.5 to 30W, which
could produce pulsed laser with pulse energy from 72.7 to
400 and mean laser fluence from 4.0 to 22.1 J/cm2 at 75-
kHz repetition rate and 24-pum focus radius. In this experi-
ment, the focus radius is measured by using the knife-edge
method, and laser power is monitored using a power meter.
Meanwhile, the scanning layer number N, (repetition number)
is proportional to the scanning speed V to ensure the identical
energy deposition per unit area at the same laser fluence, as
shown in Fig. 2(b). In addition, before ablation experiments,
the specimens for laser ablation experiments are sliced from
bar into piece (30*16*1.5mm) by wire electrical discharge
machining (WEDM), and then the specimen surface is
polished with sandpaper (400—2000#) to ensure the specimen
surface roughness below 0.16pum.

2.3 Experimental procedure

In this paper, the effects of laser processing parameters on
ablation rate, efficiency, and ablation quality are studied.
The experiments are carried out as follows. Firstly, the ultra-
short pulsed laser ablation experiments are conducted accord-
ing to the experimental scheme of Fig. 2(b) and Fig. 3 (single
experiment performed for one group of experimental param-
eter). And then the specimens are ultrasonic-cleaned in ace-
tone for 15 min. Secondly, the ablated cavity dimensions in-
cluding length /,, width [, and depth /, are determined by

Scanning
galvanometer

Scanning width H:
0.01,0.03,0.05mm
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Table2  Experimental setup for ultrashort pulsed laser ablation of DD6

Experimental device parameters

Wavelength A 1030nm
Pulse width T 2.1ps

Focus radius wo 24pm
Repetition frequency f 75kHz
Maximum mean power P 30W
Maximum pulse energy Eax 400uJ
Process parameters

Mean power P 5.5-30W
Pulse energy Epuise 72.7-400]
Mean laser fluence F 4.0-22.13/cm?
Scanning speed Vs 25-200mm/s
Scanning width h 0.01-0.05mm

surface profilometer (InfiniteFocus G4, Austria), and the ab-
lation rate, ablation efficiency, and layer depth are calculated.
In this work, the ablation rate (AR) is defined as the ablation
volume per unit time or pulse number, which is used to de-
scribe material removal rate of ultrashort pulsed laser. While
the ablation efficiency (AE) is defined as the ablation volume
per unit energy, which is used to characterize the energy uti-
lization ratio of ultrashort pulsed laser ablation. Ablation layer
depth d| is defined as the ablation depth per ablation layer, as
shown in Fig. 3.

Ix -1y -1
AR = % (um’ /pulse) (1)

Fig.3 Schematic diagram of USP
laser ablation in this test

@ Springer

depth qd

Ix-ly-lz 3
AE = ——— 2
N X By (pm’ /ul) (2)
d = 2 (oum layer) (3)
= mm/layer

where N is the total pulse number, which can be deduced
by N=fTiai, f is the repetition frequency, Ty is the total
scanning time, £y is the single pulse energy, and N, is the
total scanning layer number, as shown in Fig. 2. Thirdly, the
surface topography of the ablation zone is measured by scan-
ning electron microscopy (SEM; VEGA 3 LMU, Japan).
Finally, specimens are cut along cross section of ablation cav-
ities, then polished, and corroded, and the microstructure of
ablation zone is observed by SEM (VEGA 3 LMU, Japan).

3 Experimental results
3.1 Ablation rate and efficiency

The influence of laser parameters on ablation rate is depicted
in Fig. 4. It can be seen in Fig. 4 that the ablation rate is
increasing linearly with the increase of laser fluence. The ab-
lation rate with large laser fluence of 22.1J/cm? is about 2—4
times than that with small laser fluence of 4.0J/cm?. Especially
for scanning width of 0.0 1lmm, scanning speed of 200mm/s,
and laser fluence of 22.1J/cm?, the ablation rate reaches the
maximum value of 158.3um?/pulse as shown in red arrow in
Fig. 4a. In addition, the scanning speed also has the significant
effect on the ablation rate. The ablation rate of high-speed
scanning (purple line) is far greater than that of low-speed

Scanning
i width h

Picosecond laser
beam




Int J Adv Manuf Technol (2021) 114:883-897

887

=]
o
s

—a— V:25mm/s;N:10

—e— V:50mm/s;N:20

—a&— V:100mm/s;N:40 %
+— V:200mm/s;N:80

180 q

-

o

o
L

150

N
o
n

120

©
o
1

[+2]
o
Ablation rate (um3/pulse)
3 8

Ablation rate (um®/pulse)
8

w
o
L

®
o
)

- . ; : : ; 4 710
4 7 10 13 16 19 22
Laser fluence (J/cm?

(a) 0.0lmm

o

—=— V:25mm/s;N:10
—e— V:50mm/s;N:20 — —e—V:50mm/s;N:20
4—\/:100mm/s;N:40 % 150 4 —a&—V:100mm/s;N:40
—e— V:200mm/s;N:80 = —&— V:200mm/s;N:80
» o »
-
£ 120
2
e
© 904
c
i
T 60
o
<
30
0 T T T T T T T T T T T T T
13 16 19 22 4 7 10 13 16 19 22
Laser fluence (J/cm?) Laser fluence (J/cm?)
(b) 0.03mm (c) 0.05mm

Fig. 4 Ablation rate of USP laser ablation DD6 single crystal superalloy at different scanning width. a 0.01lmm, b 0.03mm, ¢ 0.05mm

scanning (red line) as shown in Fig. 4a and b. While for the
large scanning width of 0.05mm (Fig. 4c), the scanning speed
has little influence on the ablation rate. Especially for the
lower average laser fluence (4-10 J/em?), the difference of
ablation rate at different scanning speed can be negligible. In
addition, for the low scanning speed and large laser fluence,
the existence of obvious individual cone protruding from ab-
lation surface (will be discussed in Section 4.3), which cause a
large measurement error of ablation rate and efficiency. So the
data of that is presented in Figs. 4, 5, and 6 as the dashed lines.

Figure 5 presents the influence of laser parameters on ablation
efficiency. It can be seen that the variations of ablation efficiency
with laser fluence are contrary to ablation rate in Fig. 4. The
ablation efficiency is decreased with the increase of laser fluence,
especially for the small scanning width of 0.01 and 0.03mm
(Fig. 5a and b). In addition, the ablation efficiency by using
high-speed scanning and small scanning width is still higher than
that of low scanning speed and large scanning width at the same
laser fluence, in which trends are consistent with that of ablation
rate in Fig. 4. The result indicated that the scanning
strategy of high-speed and small scanning width can obtain
better processing efficiency. However, for the large scanning
width of 0.05mm, the ablation efficiency is relatively lower,
and the difference is relatively little at different scanning speed,
as can be seen in Fig. 5c.

3.2 Ablation layer depth

The influence of laser parameters on the ablation layer depth is
drawn in Fig. 6. The result shows that the scanning width,
laser fluence, and scanning speed all have significant influ-
ences on ablation layer depth. The ablation layer depth in-
creases with the increase of laser fluence and the decrease of
scanning speed and scanning width. A large ablation layer
depth of 25um/layer can be obtained by a scanning width of
0.01lmm, scanning speed of 25mm/s, and laser fluence of
22.1J/cm?®. However, the ablation quality is extremely poor
by using high laser fluence, low scanning speed, and small
scanning width, which will be discussed in Section 3.4 and
Section 4.4.

3.3 Surface topography

Figure 7 presents the ablation morphology with different scan-
ning strategies at a constant ablation width of 0.01mm. It can
be observed that the ablation topography at different scanning
parameters is quite different. When with high scanning speed
and low laser fluence, the ablation surface is relatively flat as
shown in Fig. 7 D1. However, with the increase of laser
fluence or the decrease of scanning speed, the ablation surface
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Fig. 5 Ablation efficiency of USP laser ablation DD6 single crystal superalloy at different scanning width. a 0.01mm, b 0.03mm, ¢ 0.05mm
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Fig. 6 Ablation layer depth of USP laser ablation DD6 single crystal
superalloy

deteriorates, and there exists obvious individual cone protrud-
ing from the machined surface (Fig. 7 A3, A4, and B4).

In order to investigate in detail the influence of laser pa-
rameters on ablation morphology, the ablation cone width is
measured (showed in Fig. 7), and the results are presented in
Fig. 8. It can be seen in Fig. 8 that the laser parameters have
significant influence on the cone size. The cone width of
22.1J/cm? and 25mm/s is about 360um, which is over 10
times than that of 4J/cm? and 200mm/s. In addition, the abla-
tion zone can be divided into four parts by the ablation mor-
phology and cone size as shown in Fig. 7 and Fig. 8: blue zone
with low laser fluence and high scanning speed, green zone
with medium laser fluence and high scanning speed, orange
zone with high laser fluence and low scanning speed, and red
zone with maximum laser fluence and lowest scanning speed.
For the blue zone with low laser fluence and high scanning
speed, the cone shows periodic arrangement with width less
than 80um, as shown in blue zone in Fig. 7. However, with
the increase of laser fluence and decrease of scanning speed,
the cone width increases linearly and the surface topography
transforms from periodic arrangement to individual cone.
Especially for the mean laser fluence of 22J/cm? and scanning
speed of 25mm/s, the individual cone protruding from abla-
tion surface (red zone in Fig. 7.) which seriously affects the
surface roughness and severe performance of component and
should be avoided in processing.

3.4 Microstructure of ablation zone
The microstructure of ablation zone along cross section at four
different parameters is measured and the images are shown in

Fig. 9. And the parameters are the same for D1, Al, D4, and
A4 in Fig. 7, respectively. It can be seen that the cone size

@ Springer

increased with the increases of laser fluence and with the de-
creases of scanning speed, which are consistent with the sur-
face topography. Furthermore, the melted metal is deposited
on the top of cones (red dashed line). For low laser fluence and
high scanning speed, the melted zone size is smaller than
10um (Fig. 9a); however, the melted zone size is over
300pum at high laser fluence and low scanning speed
(Fig. 9d). Therefore, it can be inferred that the material
removal mechanism is quite different for the two parameters.

4 Analyses and discussions
4.1 Ultrashort pulsed laser ablation process

For ultrashort pulsed laser processing, the material removal
for pulsed laser processing is originated from single pulse
ablation. Therefore, the single pulse ablation process will be
discussed first in this section. In this experiment, the energy
distribution of the pulsed laser follows the Gaussian distribu-
tion, as shown in Fig 10. For Gaussian distribution of the laser
beam, the laser fluence F can be characterized as a function of
radial position r [25]:

_2},.2
F = FP%exp | — 4
() @
where wy is the 1/¢* focus radius of the Gaussian beam. The

peak laser fluence F** is associated with the corresponding
laser pulse energy Epyise by:

_ 2F pulse

> (5)

W

FPk

where pulse energy Eps. can be calculated by Ep.=P/f.
Therefore, the ablation diameter D(=2r), defining as the diam-
eter of the ablation region, becomes a function of the peak
laser fluence FPX:

2 2 Fpk
th

where Fy, is the material ablation threshold. According to Ma
et al. [26] . with the increase of laser fluence, the existence of
two ablation thresholds (thermal melt and non-thermal melt
ablation) during ultrashort pulsed laser ablation of single crys-
tal alloy corresponds to two ablation mechanism: optical ab-
sorption and electronic heat conduction. Owing to the most
material is removal by heat melt removal in our work, so the
thermal melt threshold of single crystal superalloy (5.3J/cm?,
measured by Ma et al. [26]) are used in the subsequent calcu-
lations. In addition, the laser power used in this experiment is
from 5.5 to 30W, which could produce pulsed laser with pulse
energy from 72.7 to 400pJ. So the peak laser fluence FP* and
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thermal melt diameter D can be calculated by Egs. (5) and (6),
and the results are shown in Table 3. It can be concluded that
the peak laser fluence FP* and ablation diameter D increase
with the increase of laser pulse energy. And the thermal melt
ablation diameter increases about double from 21.78 to
49.43um when single pulse energy increases from 72.7 to
400.0pJ.

Owing to the limit of focus diameter, the laser processing is
processed in the form of laser scanning in general. Therefore,

material removal in laser processing is not only affected by
laser pulse energy but also by scanning speed. The influence
of scanning speed on laser ablation can be characterized by the
effective pulse number N g and equivalent ablation time T
The effective pulse number N is defined as the sustained
pulse number per focus diameter, which can be deduced by:

20f (7)

N =
eff V.
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The equivalent ablation time is defined as the laser duration

per focus diameter, which can be calculated by:
N eff
T eff f (8)

In the work, the scanning speed varies from 25 to 200mm/
s. With the repetition rate of 75 kHz and focus radius of 24pum,
the equivalent ablation time 7. and effective pulse number
Negr can be calculated by Egs. (7)—(8). And the results are
listed in Table 4. It can be found that the effective pulse num-
bers and the equivalent ablation time are inversely proportion-
al to the scanning speed. The equivalent ablation time in-
creases from 240 to 1920us when the scanning speed de-
creased from 200 to 25mm/s.

In addition, the equivalent energy density could be pro-
posed in order to comprehensively consider the influence of
laser fluence and scanning speed on laser ablation process.
While the equivalent energy density Fegis defined as the laser
energy per unit ablation area:

Negr - E 2
Feff _ eff 4 pulse _ ‘*‘iOf F (9)
s

It can be concluded in Eq. (9) that the equivalent energy
density is proportional to laser fluence but inversely propor-
tional to scanning speed. For the laser fluence of 22.1 J/em?
and 25 mm/s, the equivalent energy density Fg calculated by
Eq. (9) is 3182.4 J/em?, which is 44 times than that of 4.0
J/em? and 200 mm/s. Therefore, the difference in equivalent
energy density under different laser parameter will influence
the material removal method, which in turn affects the abla-
tion efficiency and surface topography.

@ Springer

4.2 Analyzation of heat accumulation effect

Owing to ultrashort pulse duration and ultrahigh peak power,
the ultrashort pulsed laser can realize “cold cutting” in theory.
However, it can be found obvious melted layer obvious
melted layer, as shown in Fig. 9, it confirms the existence of
heat melt ablation in ultrashort pulse laser ablation of DD6
superalloy. In order to further investigate the ablation mecha-
nism of single crystal alloy, the heat accumulation effect of
ultrashort pulsed laser ablation of single crystal alloy is
discussed in this work. And the following three-dimensional
heat conduction model is used to determine the temperature
variation of the ablation zone [23].

2 Qheat

2
exp(—r—>, (P =x>+y+7) (10)
per/ (4mat)? dat

In this model, 71¢, r) is the temperature variation with time ¢
and position 7; p is mass density; c is the specific heat capac-
ity; «v is the heat diffusion coefficient («v can be calculated by
a=MNpc); A is the thermal conductivity; x, y, and z are spatial
position coordinates; and » is the distance from the heat
source. Opea 1S the residual heat of ablation zone, which can
be calculated by multiplying pulse energy £, by residual
heat coefficient Theat- Qheat =77heat-Epulse- HOWCVCI‘, for
multiple-pulse ablation, Eq. (10) can be extended and the tem-
perature increase Tg,(#) caused by N, pulses as:

20heat- Zfl\/p 5(t_(N_l>Tc)
\/ (4ma(t-(N-1)T,))*

r2
Toun(t, 7, Np) = exp <7 4a(t—(N—l)Tc)>

(11)

where 7 is the period of pulsed laser, which can be expressed
as T=1/f and f'is the repetition rate. In addition, ¢ is the
Heaviside function. In this model, the mass density of DD6
alloy is 8780kg/m>, and the thermosphysical parameters in-
cluding thermal conductivity k, specific heat capacity c, and
thermal diffusion coefficient « are listed in Table 5. The re-
sidual heat coefficient used in this work is 0.398, which is
derived from the critical melting condition of DD6 single
crystal alloy, as discussed in Appendix. For the laser scanning
process, the focus position moves with time and the sur-
face boundary changes from pulse to pulse due to the
ablation removal. The two assumptions are made to sim-
plify the calculation process: Firstly, assuming the focus
not to move with time and replacing the pulse numbers
for multiple-pulse ablation by the equivalent pulses num-
ber and secondly, without considering the material remov-
al process from pulse to pulse. Therefore, the calculated
temperature of heat accumulation on the central position
of the laser beam focus with different pulse number and
energy (corresponded to the laser parameters used in this
experiment) is presented in Fig. 5.

per/ (4mar)?
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Fig. 9 The SEM images of microstructure by different laser parameters. a 200mm/s, N: 80, 4J/cm2; b 25mm/s, N: 10, 4J/cm2; ¢ 200mm/s, N: 80, 22/

cm?2; d 25mm/s, N: 10, 22J/cm2

Figure 11a presents the transient temperature evolution ver-
sus time at various pulse energy when pulse number increased
from 1 to 18. The horizontal red and blue dashed lines indicate
the boiling point (3000°C) and melting point (1350°C), which
can be used as approximate temperatures for single crystal
alloy. It can be seen in Fig. 11a that for low pulse energy
(73WJ), the temperature of the first pulse increases instanta-
neously and then decreases to about 680°C, which is defined
as the heat accumulation temperature after first pulse.
Thereafter, the heat accumulation temperature increases grad-
ually with the increasing pulse number and exposure time (red

arrow) and reaches 1020°C after the 18 pulses. However, the
heat accumulation temperature is still lower than the melting
point (1350°C) of the DD6 single crystal alloy. Therefore, it
can be inferred that the material is removed by vaporization or
plasma. However, for higher pulse energy (400uJ), the heat
accumulation temperature reaches 1650°C after the first pulse
and then increases to 2700°C after 18 pulses. So it can be
inferred that the major material is removed by melting, owing
to the heat accumulation temperature that exceeds the
melting point and is even close to the boiling point of
DD6 superalloy.
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Fig. 9 (continued)

Although the heat accumulation temperature increases
slowly with the pulse number increases from 18 to 144,
while the ablation duration is increased sharply, which further
aggravates the heat accumulation effect, as described in
Fig. 11b. Especially for the pulse number of 144 and the
pulse energy of 400pJ, the heat accumulation temperature
exceeds the boiling point of DD6 single crystal alloy, and
the equivalent ablation time increases to 1920us, which
will cause severe melt and ebullition phenomenon on the
ablation zone. It can be inferred that the material removal
transforms from plasma or vaporization to melt ejection
and ebullition with the pulse energy increases and the
scanning speed decreases.

@ Springer

4.3 Effect of laser parameter on ablation rate and
efficiency

4.3.1 Laser fluence

It can be concluded in Section 3.1 that the ablation rates are
increased linearly with the increase of laser fluence, while the
ablation efficiencies are decreased with the increase of laser
fluence. The increases in ablation rate can be ascribed to the
improvement of material removal rate. On the one hand, the
pulse energy is increased with the increase of laser fluence,
which improves the material ablation depth. On the other
hand, the laser ablation diameter increases with the increase
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Fig. 10. Schematic of correlation
between ablation regions and
Gaussian distribution of laser
fluence
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20 ~

Laser fluence(J/cm?)

of pulse energy, which extends the laser ablation width.
Therefore, a high laser fluence not only increases the material
ablation depth but also extends the ablation width, both of
these can improve material removal volume and finally cause
a rapid increase in laser ablation rate. However, the heat ac-
cumulation effect aggravation with the increasing of pulse
energy, which lead to the large amount of laser energy spreads
into the atmosphere and absorbed by the substrate in the
meantime and finally causes the reductions of ablation effi-
ciency. However, Raciukaitis et al. [27] proved in the ablation
of Al, Ni, and steel that the most efficient material removal
takes place when the laser fluence is equal to F~7.4 Fy,. In this
work, the laser fluence used only up to 22.1 J/cm? and has not
reached the predicted optimal laser parameter F=7.4%5.3
J/em?=39.2 J/cm?. Therefore, it can be inferred that the

Table3  Theoretical ablation diameter of ultrashort pulsed laser ablation
DD6 superalloy

Epuee (W) 727 1273 1818 2364 2909 3455 400.0

FP* (J/em?) 8.0 141 201 261 321 382 442
D (um) 21.78 33.57 39.19 4285 4555 47770 49.43

TM Ablation
diameterD

TM Ablation
threshold

5.3J/cm?

ablation rate will further increase with the increase of laser
fluence, while the ablation quality will be further deteriorated
owing to the heat accumulation effect according to
Section 4.1.

4.3.2 Scanning speed

The ablation rate and efficiency are defined as the ablation
volume per pulse number and unit pulse energy in this exper-
iment. Therefore, according to Eq. (2), the ablation rate and
efficiency are not affected by scanning speed in theory.
However, it has been concluded that the ablation rate and
efficiency all increase with the increase of scanning speed.
As illustrated in Section 4.1, when the scanning speed de-
creases from 200 to 25mm/s, the effective pulse number in-
creases from 18 to 144 (corresponding equivalent ablation
time increases from 240 to 1920us), resulting in the rise of

Table 4 The effective
pulse number and

effective ablation time
corresponding to the Netr 144 72 36 18

scanning speed Tur(us) 1920 960 480 240

Vs (mm/s) 25 50 100 200
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Table 5 Thermosphysical parameters for nickel-based superalloy DD6

T/°C 100 200 300 400 500 600 700 800 900 1000 1200 1300
k /W/(m:°C) 9.00 9.45 11.15 13.40 15.35 17.60 20.20 22.30 24.55 26.80 30.90 3322
¢ J(g°C) 0.358 0.392 0427 0.462 0.496 0.531 0.566 0.600 0.635 0.704 0.739 0.773
a/*10"°m?/s 2.55 2.75 297 3.30 3.53 3.78 4.07 423 4.40 4.56 4776 4.89

heat accumulation temperature. So the large amount of laser
energy is spread to substrate material and results in the reduc-
tion in laser ablation rate and ablation efficiency. Therefore, it
can be concluded that high-speed scanning strategy can
achieve higher ablation efficiency.

4.3.3 Scanning width

It can be concluded that the ablation rate and ablation efficien-
cy all decrease with the increase of scanning width. Table 2
shows the thermal ablation diameter increasing from 21.78—
49.43 um when the pulse energy increases from 73.7 to 400ul.
However, the scanning width used in this experiment is 10,
30, and 50pum. For small scanning width of 10um, the laser
ablation diameter is larger than the scanning width (the dis-
tance between adjacent scanning paths), so the material can be
removed effectively. However, for large scanning width of
50um, the TM ablation diameter is smaller than the scanning
width, which causes inadequate material removal and finally
leads to low ablation rate. This is also the reason why the
ablation rate and efficiency decrease with the increase of scan-
ning width, as depicted in Figs. 4 and 5. Therefore, it can be
inferred that the optimal scanning width in this experiment is
0.0lmm.

4000
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3000 H I S|
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2000

SERRELRREIRERL

—— Epuse:73WJ
— Epuise:400pJ

Temperature/C

500 \\

11 pulse

150
Timelus

0 50 100 200 250

(@)

4.4 Effect of laser parameter on ablation topography
and microstructure

The ablated cones observed in this experiment are related to
many factors including the Gaussian laser beam, scanning
path, and laser parameters. For Gaussian laser beam, the laser
energy density at the focal center is higher than the border
(Fig. 10). Therefore, according to Wang et al. [28], the micro-
grooves machined by the Gaussian laser beam tend to be U- or
V-shaped. So when scanned along one direction, the wave-
shaped surface will be ablated as shown in Fig. 12(a) and (b).
But the scanning direction of adjacent layers rotates at 90°
with each other in this experiment, as described in Fig. 3. So
the ablation surface transforms from wave-shaped structure to
periodic cones on ablation zone after multiple scanning.
However, cone size increases with the decreases of scan-
ning speed and with the increases of laser fluence. This is
because the scanning speed and the laser fluence could affect
the efficiency energy density and heat accumulation tempera-
ture on ablation area. On the one hand, the laser energy density
on ablation zone is increased with the increase of laser fluence
and with the decrease of scanning speed, leading to ablation
groove width and further the cone size increase. On the other
hand, the heat accumulation effect increases with the increase
of laser fluence and ablation time, and the material removal

.
b
1
l
|I¥
: Boiling point

m | |
2500 * [l N ‘ “i |
2000 N} ﬂl ‘ m‘ JII |
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Fig. 11 Temperature evolution versus ablation time on the center of the laser beam for two different pulse energy and pulse number: a 18 pulse, b 144

pulse
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Fig. 12 Schematic diagram of formation mechanism of surface microstructure: a Ablation surface, b Enlarged picture of microgroove formation process

method transformed from plasma or vaporization to melt ejec-
tion. So the large amount of metal and plasma ejected from
the groove is deposited on the ablated surface and finally
leads to the cone size increase. Especially for high laser
fluence and low scanning speed (Fig. 7 A3—A4, B3-B4),
the large amount of molten metal is deposited in the ab-
lation surface, which causes large-sized individual cones.

Similar ablation cones are also observed in ablation of oth-
er metals. However, the cone size and formation mechanism
are quite different. Sedao et al. [17] observed the similar cone
during ablation of stainless steel and titanium alloy, but this is
not found in Cu and Ni. The reason can be attributed to high
electron-phonon coupling coefficient and low thermal con-
ductivity of stainless steel and titanium alloy. The large
amount of laser energy is absorbed and cannot be diffused in
time, thereby accumulating the large amount of residual heat
on the ablated zone, which further eventually causes obvious
ablation cones and holes. It can be seen that ablation mor-
phology is not only affected by laser parameters but also
by material properties. In this work, the nickel-based alloy
holds relatively high electron-phonon coupling coefficient
[29], followed by high laser power and relatively long
pulse duration. This is the reason for serious heat accu-
mulation effect and the formation of large-sized individual
cone under the condition of high laser fluence and low
scanning speed.

In addition, the corresponding inference can be verified by
microstructure on the ablation zone. For low laser fluence and
laser scanning speed, the heat accumulation temperature is
relatively low, which causes the most material removed by
vaporization or plasma removal, only a little molten metal
deposited on the top of the cones and formed the small
melted zone. However, with the increase of laser fluence
and with the decrease of scanning speed, the equivalent
energy density and heat accumulation temperature is high,
which lead to the large amount of molten metal ejecting
from the ablated zone and hence deposited on the machin-
ing surface and formed the large melted zone.

5 Conclusions

This paper investigated ultrashort pulsed laser ablation of
nickel-based single crystal superalloy DD6, focusing on the
influence of laser parameters on the ablation rate and ablation
quality. Meanwhile, the material removal mechanism of ultra-
short pulsed laser ablation of DD6 superalloy is discussed in
detail. The conclusions can be summarized as follows:

(1) The ablation rates are increased with the increases of
laser fluence and with the decreases of scanning speed
and scanning width. However, the evolutionary trends of
ablation efficiency with laser fluence are opposite to that
of ablation rate. Overall, the ablation rate and efficiency
at a scanning speed of 200mm/s are 2—3 times than that
of 25mmy/s.

(2) The quantitative relationships between laser parameters
and ablation layer depth are obtained, which could be
used for adjusting the feed depth of laser processing
and improving the machining precision of ultrashort
pulsed laser processing.

(3) A low laser fluence (4-10J/cm?) and high scanning
speed (100-200mm/s) could machine a relatively flat
surface. On the contrary, the large-sized individual cones
and melted metal emerge on ablation zone by employing
the large pulse fluence and small scanning speed (>16
J/em? and <50mm/s).

(4) The heat accumulation temperature is calculated by
three-dimensional heat conduction model. The result re-
veals the material removal model transforms from plas-
ma or vaporization removal to melt ejection with the
pulse energy increases and the scanning speed decreases,
which can explain the ablation efficiency and the forma-
tion mechanism of ablation morphology.

(5) At the same laser fluence, the scanning strategy of high-
speed and multiple scanning can significantly reduce the
heat accumulation effect and improve the ablation effi-
ciency and quality of ultrashort pulsed laser processing.

@ Springer



896

Int J Adv Manuf Technol (2021) 114:883-897

SEMNAG: 100k WO 19.08 mm Ll
View feic: 208 ym Oat: SE = pm View e 708 g
Hives Hivec v,

LB MAG: 1.00 ke

(a) 72.7uJ (b) 90.4uJ

wio: seds |
" Sapm

vecas Tescanfill SBM MAG: 1.00ks | Wi 1872 min

Vinw fct; 700 gemy om
ves

(©)109.1WJ () 127.3J

Fig. 13. Ablation topography by line scanning with different pulse energy. a 72.7uJ, b 90.4pJ, ¢ 109.1uJ, d 127.3u1)

Appendix

The residual heat coefficient 7;,.,; depends on the material and
laser properties, including the pulse energy, pulse duration,
and laser energy distribution, according to Weber et al. [23].
In this work, the reverse method is used to calculate the resid-
ual heat coefficient 7;,c, as follows:

1) 1) For multiple-pulse ablation process, the temperature
increase Ty,,(f) resulted from heat accumulation by Nt
pulse can be calculated by Eq. (9). So the heat accumula-
tion temperature after Np pulses can be given by:

2Qheat- NP L ( 12)

Tua(Np) = ————=
pey/ (4mat)® V=1 VN

Therefore, the heat accumulation temperature 7, of after N,
pulses is approximately expressed as:

TVZTHA(NP)—|—Tm (13)

where T}, is the experiment ambient temperature (25°C). And
the quantitative relationship of the heat accumulation temper-
ature 7., and residual heat Oy, can be obtained.

2) Then, the line scanning experiments are carried out with
the same experiment device. The scanning speed is con-
stant at 100mm/s (corresponding the effective pulse num-
ber at 72), and the laser pulse energy is from 72.7—
127.3pJ. The ablation morphology shown in Fig. 13 is
observed by SEM. It can be seen that the ablation mor-
phology transforms from non-heat melt ablation (Fig. 13a
and b) to heat melt ablation (Fig. 13c and d). Especially
for the pulse energy of 109.3uJ, the critical melting state
is observed on ablation surface (Fig. 13c). Therefore, it
could be inferred that the scanning speed of 100mm/s and
pulse energy of 109.1uJ is the critical transform

@ Springer

condition. In this moment, the heat accumulation temper-
ature reaches the melting point (1350°C) of DD6
superalloy.

3) Therefore, the heat accumulation temperature Ty (72)
that can be determined by Eq. 13 is about 1325°C.
Thereafter, the residual heat Q..; and the residual heat
coefficient 7y, are 43.5uJ and 0.398 calculated by
Eq. 12 and Eq. 8, respectively.

However, the heat accumulation coefficient is affect-
ed by many factors as earlier mentioned. In this paper,
the approximate of residual heat coefficient is used for
subsequent analysis.
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