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PLA Pulse Laser Ablation
SEM Scanning Electron Microscope
Yb:YAG Ytterbium-doped Yttrium Aluminium Garnet

1 Introduction

Precision machining of ultra-hard materials and superalloys are the prime limitations
of conventional tool machining [1, 2]. Moreover, direct tool contact could ascend the
mechanical stress load and probably change the alloy microstructure [2]. Nimonic
Alloy 263™ is a class of nickel-based superalloys with extraordinary characteristics
in excellent thermal conductivity, superb mechanical strength, and remarkable rust
resistance, used in the rigorous operating conditions in gas turbine engines [3, 4].
Hence, it was recognized that advanced machining processes are expected to be devel-
oped under this age background. Nowadays, various non-contact based fabrication
techniques have been more and more mature, including electrochemical machining
(ECM), abrasive jet machining (AJM), and electrical discharge machining (EDM),
ion beam micromachining (IBMM), and laser beam machining and micromachining
(LBM, LMM) and so forth [4].

Laser beam machining (LBM) is a widely used advanced machining process,
especially popular in welding, cutting, drilling, and hardening metallic sheets [4,
5]. Laser Beam Machining (LBM) is a machining method that uses a laser beam to
engrave metallic and non-metallic materials. In this technique, a high-intensity laser
beam is directed towards the workpiece, and the laser’s thermal energy is transmitted
to the workpiece’s surface (workpiece). The heat generated at the surface warms,
melts, and vaporizes the w/p components [5S]. LBM, in general, is concerned with
machining and material processing such as heat treatment, alloying, cladding, sheet
metal bending, and so on. This type of processing uses the energy of coherent photons
or laser beams, which are mostly transformed into thermal energy when they contact
most materials. Moreover, the lasers are now used in regenerative machining and fast
prototyping and procedures like stereolithography and selective laser melting [6].

Usually, continuous waved lasers are suitable for metallic sheet welding and hard-
ening, which should attribute to its constant average power output. In contrast, rather
than continuous waved lasers, pulsed lasers are used in deep penetration applications
due to their intense power density. Pulsed lasers used for applications can be divided
into millisecond (ms), microsecond (j.s), nanosecond (ns), picoseconds (ps), and
femtoseconds (fs) those five categories up to their pulse durations [6-8]. In order
to recycle costly advanced engineering materials like Nimonic Alloy 263™, pulsed
laser ranges from short pulse (ms-ns) to ultrashort pulse (ps-fs) are used in ablating
material surface coating or cracked surface substrate layer. For pulsed laser ablation,
the photon substrate interaction mechanism goes through heating, melting, boiling,
and vaporization these four periods with an increase of power density [9]. It has been
very well researched [10—12] that a higher material removal rate can be achieved in
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the high power density that laser beam can penetrate deeper in the targeted irradiated
area. Jeong et al. [13] and Palanco et al. [14] observed that a large amount of ionized
ejected material could transfer into plasma plume, absorbing the consecutive laser
energy and restricting the following: ablation. The higher power density applied i.e.,
over a saturation point4—5 x 10® W/cm? may lead to a more obvious plasma shielding
effect; it would be found when the power density is over a saturation point. In recent
years, ultrashort UV laser ablation has become acclaimed because of its high power
density that can alter material ejection mechanism from explosive melt dominated to
vaporization dominated while descending plasma shield effect [15]. Once the pulse
duration is no longer than the picosecond regime, the ablation process does not induce
amelting process because there is less interaction time available for thermal diffusion
via heat conduction. Compared to short-pulse laser ablation, undesirable heat effects
on the valuable substrate in the form of micro-cracks, recast layer, and HAZ can be
greatly minimized via material vaporization [16, 17]. Nevertheless, high operating
costs and complex setup are the significant issues restricting its application scope.

Recently, a new fibre-based amplifier technology (MOPA) in a few ns pulse dura-
tion instead of chirped Pulse Amplification (CPA) ultrashort pulse in several ps or fs
regimes was developed in balancing cost and ablation performance [18]. Compared
to the traditional Q-switched fibre laser, MOPA fibre laser uses controllable pulse
durations separately in each pass, meaning quality and efficiency can be achieved
simultaneously through rough-based high material removal at premiere scanning
and precisely based low material removal at post scanning [19]. Unlike peak power
significantly reduced with increased laser frequency in Q-switched laser, limited
peak power reduction by using higher frequency MOPA fibre laser [20].

In this chapter, a univariate experiment in changing a single parameter while
keeping others constant is used to explore process parameters including pulse dura-
tion, frequency, power density, and scanning speed effects on MOPA ns fibre laser
ablation Nimonic Alloy 263™. The optimum value of each parameter could be
filtered out after parametric analysis according to the performance on ablation depth
or surface roughness.

2 Materials and Methods

In the present work, an SPI MOPA pulsed fibre laser with wavelength 1.06 pm,
FWHM pulse duration from 19 to 46 ns with frequency ranges from 1 to 1000 kHz
was used as the power source. A moving direct laser writing (DLW) galvo scanner
worked on Nimonic Alloy 263™ samples of dimension 75(L) x 15(W) x 2(T) mm
in scanning speed up to 100 mm/s was used in the present experimentation. The
details of the levels of parameters used in the experiment are shown in Table 1.

The scanner head is fitted with an F-Theta lens with a focal position to the top
of the workstation, 178 mm (176 mm + 2 mm mild steel base). Due to the high
thermal conductivity of Nimonic Alloy 263™, high laser power density could lead
to substrate sheet deformation, shown in Fig. 1a. The 2 mm mild steel base was
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Table 1 Parameters and levels use for experimentation

S.no | Optimum frequency (kHz) | Pulse duration (ns) | Peak power (kW) | Speed (mm/s)
1 70 46 13 1
2 70 46 13 5
3 70 46 13 10
4 70 46 13 20
5 70 46 13 50
6 70 46 13 80
7 158 37 11 1
8 158 37 11 5
9 158 37 11 10
10 158 37 11 20
11 158 37 11 50
12 158 37 11 80
13 350 23 10 1
14 350 23 10 5
15 350 23 10 10
16 350 23 10 20
17 350 23 10 50
18 350 23 10 80

clamped below the targeted substrate to minimize the residual heat effect. For the
fair thermal conductivity of mild steel, partial heat can be shared by the mild steel
base; thus, the severity of deformation can greatly descend, shown in Fig. 1b. The
laser beam scanned 15 mm in lines varying with speed change in the longitudinal
width direction, and the intermediate section was chosen to avoid the acceleration
effect. Spot diameter was estimated to the spot size of the ablation removal threshold
by the method provided by Liu (1982) and theoretically calculated refer to Eq. (1)
[18].

d= 2.44% )

where d is the spot diameter, f is the focal length, A is the wavelength, and D is the
beam diameter. The spot diameter was calculated to be 32 pm.

Precise control of lens-to-substrate distance at constant 178 mm was ensured to
provide a stable spot diameter of 32 wm on the laser-substrate interaction zone.
A 2 bar extractor was used to inhale ejected hazard in mid-air, and all experiment
progress was performed without any assisted gas auxiliary. Eventually, optical and
scanning electronic microscopes (SEM) was used to analyze ablated samples.
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Fig. 1 Deformation comparison between a clamped without mild steel base, b clamped with mild
steel base (Pulse duration = 46 ns, frequency = 70 kHz, power density = 16.2 x 10° kW/cm?)

3 Results and Discussion

Referring to Egs. (2) and (3), power output is determined by frequency and pulse
duration.

Pavg =E X f (2)
And,
E
Ppeak = E (3)

Where P,,, is the average power, P is the peak power, E is the pulse energy, and
AT is the pulse duration.

According to synchronized consideration of the connection between each process
parameter, so before exploring the effects of power density on laser ablation, the
significance of researching the relationship among pulse duration, frequency, and
ablation performance is noticeable.
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3.1 Frequency Effects on Power Qutput

MOPA in the machine enables altering an extensive range of pulse duration, and a
wide selection of corresponding optimum laser frequency ranges from 0 to 1000 kHz
for different usage. Laser frequency represents the cycle time of one pulse shot,
starting from one pulse to the beginning of the following pulse. Pulse duration dele-
gates the duration of pulse-substrate interaction. Pulse duration is a phase of laser
frequency without takt time. The optimum frequency at constant pulse duration can
achieve the maximum output peak power, as shown in Fig. 2. In this diagram, the
optimum frequency for laser FWHM pulse duration at 46 ns is 70 kHz, giving 100%
peak power output. With the increase of laser frequency, the peak power output
decreases, varying with it. Peak power output can be regulated via changing laser
frequency for a particular laser pulse duration. Pulse duration will not be altered
with the change of laser frequency, and there is no direct relationship between laser
frequency and pulse duration.

3.2 Pulse Duration Effects on Ablation Depth

When the pulse durations changed during the progress, the optimum frequency auto-
matically varied with it. To identify the effects of pulse duration on ablation depth,
three dispersed FWHM pulse duration parameters in scope range were selected (46 ns
pulse duration with optimum frequency 70 kHz, 37 ns pulse duration with optimum
frequency 158 kHz, and 23 ns pulse duration with optimum frequency 350 kHz).
The ablation appearances of PLA on the flat nickel superalloy at one pass for
selected pulse durations are shown in Fig. 3a 46 ns, (b) 37 ns, and (c) 23 ns at

Fig. 2 Diagram showing
frequencies effect on peak
power at FWHM pulse
duration 46 ns
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Fig. 3 Ablation appearance of different pulse durations a 46 ns, b 37 ns, and ¢ 23 ns at different
speed (I) 1 mm/s and (II) 50 mm/s
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Fig. 4 Effect of pulse durations on mean ablation depth at maximum power output

two different speeds (I) I mm/s and (IT) 50 mm/s. The optimum frequency gave the
maximum peak power output, and respective were 13 kW, 11 kW, and 10 kW. As
can be seen from the Figure, maximum peak power output led to a large amount of
redeposited debris scattered alongside the ablation line, and higher scanning speed
performed more obvious debris deposited phenomenon than lower speed. Mean
ablation depth for the 18 sets of ablation lines is calculated and shown in Fig. 4.

From Fig. 4, itis evident that a higher pulse duration laser results in higher ablation
depth due to longer effective laser-substrate interaction reaction and higher pulse peak
power. Laser with pulse duration of 46 ns gave out a 13.3 pm mean ablation depth
while other twos only had 10.1 pm and 9.5 pm at laser scanning speed 1 mm/s,
respectively. Moreover, the mean ablation depth gradually decreases with increasing
laser scanning speed in a decreasing exponential function trend. Laser pulse duration
46 ns with peak power 13 kW exhibited good ablation depth performance.

3.3 Power Density Effects on Ablation Performance

It is known that the plasma shield could be formed in a nanosecond laser regime
when the laser power density is over 4-5 x 10° kW/cm? [9, 13-15]. The calculation
for power density can refer to Eq. (4).

F=? 4
== o
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Table 2 szllculations f(z)r the S.No | Power Peak power (kW) | Power density

power density (kW/ cm~) percentage (%) (KW/cm?)
1 10 1.3 1.6 x 10°
2 20 26 32 % 10°
3 30 3.9 4.8 x 10°
4 40 52 6.5 x 10°
5 50 6.5 8.1 x 10°
6 60 7.8 9.6 x 10°
7 70 9.1 11.3 x 10°
8 80 10.4 12.9 x 103
9 90 11.7 14.5 x 10°
10 100 13.0 16.2 x 10°

where F is power density (W/cm?), P is laser power, and A is beam cross-sectional
area.

The machine’s effective beam cross-section spot diameter was 32 pum, so the
effective beam cross-sectional area here was 8.04 x 1076 cm?. The calculation results
for different power percentages are shown in Table 2.

All the ablation lines were applied to unify the speed parameter for a scanning
speed of 4 mm/s. Top view of ablation lines under optical microscope at power density
(a) 3.2 x 10° kW/cm?, (b) 8.1 x 10° kW/cm? and (c) 14.5 x 10° kW/cm? are shown
in Fig. 6 at the same magnification 10x. As shown in Fig. 5, with increasing power
density, the melting zone became larger, and a more evident heat-affected edge along
the longitudinal line direction can be seen. For power density 14.5 x 10° kW/cm?, the
melting pool diameter could reach 131.65 pwm, whereas only 62.82 pm for power
density 3.2 x 10° kW/cm?. The appearances of ablation lines under using power
density (a) 1.6 x 10° kW/em?, (b) 4.8 x 10° kW/cm?, (c) 8.1 x 10° kW/cm? and
(d) 14.5 x 10° kW/cm? are shown in Fig. 6.

As shown in Fig. 6, nearly no material removal happened when using power
density 1.6 x 105 kW/cm?, and with an enhancement of power density, material
removal became manifest in the presence of debris deposited and ablation depth.
The appearance of ablation lines under power density (c) 8.1 x 10° kW/cm? and (d)
14.5 x 10° kW/cm? look similar to others.

Figure 7a shows the captured laser-induced plasma flume working at scanning
speed 4 mm/s with power density 12.9 x 10° kW/cm?; it justifies that the plasma
effect occurs when the laser power density reaches a specific value in MOPA ns fibre
laser ablation. The mean ablation depth for all 10 set lines is analyzed in Fig. 7b. As
illustrated in Fig. 7b, the ablation depth increases with laser power density in a posi-
tive linear correlation. The power density for the nickel superalloy ablation threshold
is close to 1.6 x 103 kW/cm?. The variation was amplified from 1.6 x 10° to 8.1 x
10° kW/cm? till it reached saturation point at power density 8.1 x 10° kW/cm?. The
power density over the saturation point was likely affected by the plasma shielding
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Fig. 5 Top view of ablation lines under optical microscope at power density at a 3.2 x 10° kW/cm?2,
b 8.1 x 10° kW/cm? and ¢ 14.5 x 10° kW/cm? (Scanning speed = 4 mm/s, pulse duration = 46 ns)

effect. The plasma cloud in the air absorbed the partial laser energy, and only specific
energy could penetrate through the plasma cloud and strike on the substrate. The effi-
ciency for laser irradiance was significantly discounted after penetrating the plasma
shield, and with an increase of power density, the side effect of plasma became
more apparent. The phenomenon is defined as Inverse Bremsstrahlung Absorption,
a process of photons absorbed, scattered, and reflected by ionized gas electrons that
lead to energy losses [12]. So power density at 8.1 x 10> kW/cm? with laser pulse
duration is chosen due to its best cost performance on power usage and ablation effi-
ciency. Power density at 8.1 x 10° kW/cm? corresponds to laser frequency 105 kHz
at pulse duration 46 ns.

3.4 Scanning Speed Effects on Ablation Performance

Laser scanning speed is another pivotal process parameter that influences abla-
tion performance. Veiko et al. [21] researched Q-switched ns fibre laser ablation of
monocrystalline silicon and found that the laser ablation depth with increased scan-
ning speed reflected a linear decline. Laser scanning speed effects on mean ablation



Surface Morphology of Nimonic Alloy 263™ in Nanosecond ... 139

Fig. 6 Appearance of ablation lines at different power density a 1.6 x 10° kW/cm?, b 4.8 x
10° kW/cm?, ¢ 8.1 x 10° kW/cm? and d 14.5 x 10° kW/cm? (Scanning speed = 4 mm/s, pulse
duration = 46 ns)

depth and surface roughness are shown in Fig. 8a. Square markers in line represent
scanning speed effects on surface roughness and values corresponding to the right
side y-axis, while triangular markers in line represent scanning speed effects on mean
ablation depth and values corresponding to the left side y-axis. The maximum value
of mean ablation depth was 22.2 wm at speed 0.2 mm/s, and the minimum value was
2.8 wm at a speed of 100 mm/s.

Meanwhile, the maximum surface roughness value was 6.6 Ra at speed 0.2 mm/s,
and the minimum value was 0.5 R, at a speed of 100 mm/s. Unlike the linear rela-
tionship between scanning speed and mean ablation depth found in Q-switched ns
fibre laser ablation, both curves show a decreasing exponential function trend with
increasing scanning speed in the case of MOPA ns fibre laser ablation Nimonic Alloy
263™. It was found that an increase in scanning speed resulted in higher ablation
depth whereas sacrifices surface finish to some extent.

Figure 8b reveals contour distribution of laser scanning speed on X—Y plane at
laser pulse duration 46 ns with laser frequency 105 kHz applied in power density 8.1
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== Pulse duration 46 (ns)

Mean ablation depth (um)
o
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(b)

Fig.7 a Laser induced plasma plume (Scanning speed = 4 mm/s, power density = 12.9 x
10° kW/cm?); and b effects of power density on ablation depth of nickel super alloy (Pulse duration
= 46 ns, scanning speed = 4 mm/s)

x 10° kW/cm? under PLA technique, which distinctly displays laser scanning speed
effects on mean ablation depth and surface finish in the presence of contour density.
The contour density gradually becomes sparse in the direction of arrow flow from
higher speed to lower speed, which means one specific unit decrease in lower rate
gives more sensitive effects on ablation efficiency.

Figure 9a,b reveal the SEM ablated line cross-section profile at scanning speeds
1 mm/s and 60 mm/s, respectively. The cross-section profiles reveal a ‘V’ shape in
ablated grooves, and a large amount of the recast layer is re-solidified alongside the
morphology, especially accumulated at the valley bottom in the light grey deep cone-
shaped boundary before they were ejected by explosive melt ejection mechanism.
Because low scanning speed led to higher pulses overlap, intensive laser pulse contin-
uous shot on the melting pool, and the flux melting pool absorbed more laser energy
in a unit area than high scanning speed did, which made ablation topology wider and
deeper. With increasing of scanning speed from 1mms/s to 60 mm/s, the length of
the recast layer decreased from 618 wm to 371 wm, and kerf width decreased from
105 pm to 67 wm. Meanwhile, a better surface finish at speed 60 mm/s than 1 mm/s
in the presence of less spattered debris distributed around the rim. The hierarchy
phenomenon of the recast layer shown in Fig. 9a can justify the unevenness of the
ablation path. Barely any burnt HAZ was found after MOPA nanosecond fiber laser
processing which should be attributed to the high thermal conductivity of Nimonic
Alloy 263™,
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Fig. 8 Analysis of a laser scanning speed effects on ablation depth and surface roughness (Pulse
duration = 46 ns, frequency = 105 kHz) and; b contour of laser scanning speed corresponds to
X-axis mean ablation depth and Y-axis surface roughness (Pulse duration = 46 ns, frequency =
105 kHz, power density = 8.1 x 105 kW/cm?)

4 Conclusion

The pilot experimental investigations were carried out to explore the effects of process
parameters including pulse duration, frequency, power density, and laser scanning
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Fig. 9 Scanning electron microscopy images of a morphology of ablation line laser (Scanning
speed = 1 mm/s, magnification 100x ) and; b morphology of ablation line laser (Scanning speed =
60 mm/s, magnification 170x).

speed on high-frequency nanosecond pulsed laser ablation of Nimonic Alloy 263™,
The following conclusions are drawn from the essence of the study.

e Nanosecond laser micromachining of Nimonic Alloy 263™ is recognized as an
explosive melt ejection-dominated photo-thermal ablation.

e The optimum laser frequency corresponds to a specific laser pulse duration, giving
out the maximum peak power in the MOPA laser generation system.



Surface Morphology of Nimonic Alloy 263™ in Nanosecond ... 143

(b)

Fig. 9 (continued)

e Anestimated 1.6 x 10° kW/cm? is the ablation threshold of the minimal material
removal for the ejection mechanisms. With the increase of power density, abla-
tion depth shared a linear ascend till the saturation point at power density 8.1 x
10° kW/cm?.

e Laser-induced plasma cloud formed after power density reached 8.1 x
10° kW/cm?. Plasma shield impeded the efficiency of natural laser energy ablating
the Nimonic Alloy 263™ substrate.

e The 46 ns of pulse duration with laser frequency 105 kHz at power density 8.1 x
10° kW/cm? performed the optimum ablation in substrate penetrating.
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Increasing laser scanning speed leads to higher ablation depth whereas sacrifices
surface finish to some extent.

Few HAZ occurred after MOPA nanosecond fibre laser processing with optimum
process parameters.
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