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Abstract: In this experimental study, picosecond laser treatment was performed on a nickel-based
superalloy Nimonic 263, aiming to investigate the surface effects induced by irradiation in different
atmospheric conditions and, concerning changes in surface composition, regarding the possibility for
improvement of its functionality. Besides the varying laser parameters, such as a number of pulses
and pulse energy, environmental conditions are also varied. All surface modifications were carried
out in standard laboratory conditions and a nitrogen- and argon-rich atmosphere. The resulting
topography effects depend on the specific laser treatment and could be categorized as increased
roughness, crater formation, and formation of the laser-induced periodic surface structures (LIPSS).
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1. Introduction
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Jian Cheng, Qi Liu and Xichun Luo Nickel-based superalloys maintain their mechanical strength, resistance to thermal

deformation, surface stability, corrosion, and oxidation resistance at high temperatures [1-3].
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Nimonic 263 superalloy can sustain extreme and rigorous operating conditions without
yielding [9]. However, this advantage makes Nimonic 263 material difficult to process,

micromachining, and improve by surface treatments.

Laser structuring is proven as a precise and controllable way to enhance the proper-
ties and functionality of metallic surfaces by increasing the strength, active surface, and
biocompatibility of alloys. It is a successful tool for improving the hardness of surfaces
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mechanical changes which depend on laser parameters such as pulse duration, laser en-
ergy, wavelength, and laser frequency [13]. Surface characteristics and parameters, the
melting temperature, material roughness, and laser irradiation absorption coefficient are
also important for study because they strongly influence the laser-metal interaction [14].
Additionally, the influence of the environment on the interaction is important (for example,
laser irradiation in different gas environments) because many metals tend to form an oxide
and other compounds’ layers on the surface, which may have an impact on the optical
properties of metals as well as the increase in absorption of laser irradiation [15-17].

The change in the surface’s morphology is often accompanied by the formation of spe-
cific surface structures such as craters, capillary waves, hydrodynamic scattering, periodic
structures, etc. [18-22]. There are several structure formation mechanisms in the molten
phase and their transition to the solid phase by solidification. One of these mechanisms
occurs during the metal irradiation by laser where laser fluence is near the threshold and
has a low pulse number. In this way, the structures in the form of parallel waves form on the
surface target that repeats in periods with a value corresponding to the laser wavelength.
These structures are called laser-induced periodic surface structures (LIPSS) [23,24]. LIPSS
strongly depend on the pulse number, e.g., exposition time, but also depend on other laser
processing parameters. The formula for calculating the LIPSS periods, according to the
most accepted plasmon combination theory, is:

A
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where 71 =R [emeq/(eq + em)]"/? is a real part of effective refractive index for metal/air, 8 is
incident angle, A is laser wavelength. €4 is dielectric constant and &y, is complex dielectric
constant of a metal [25]. Thus, besides the pulse number, LIPSS also depend on laser
wavelength, incident angle of laser beam and material properties. LIPSS have shown an
impact on the optical properties of the metal surface, the increase of active surface, and
biocompatibility [26].

In recent decades, a large amount of research has been devoted to the interaction of
lasers with materials in different regimes [27-30]. Still, to our knowledge, no research
has been dedicated to the interaction of lasers with nickel alloys in different atmospheres.
Proposing the optimal irradiation conditions has a high significance for effective imple-
mentation of laser processing. It aims to ensure meeting the desired quality characteristics
(i.e., process responses), thus improving efficiency and reducing time and resource con-
sumption. The parametric optimization of the observed laser processing for different
atmosphere conditions has not been explicitly studied in the literature. Various approaches
have been carried out for the other laser-based processes, including the soft computing
approaches [31-34] and the statistical approaches [35-37]. The soft computing approaches
typically rely on neural models [34,38], whose development requires a large amount of data
that are not always available from experimentations. Another issue refers to implementing
metaheuristic algorithms, such as particle swarm optimization (PSO) [31-34], since their
effectiveness highly depends on their inner parameter tuning. In other words, if the algo-
rithm parameters are not properly selected, the algorithm converges to local optima [39].
This issue has not been explicitly addressed in the above studies that applied metaheuristics
for optimizing different laser-based processes. The statistical approaches are mainly based
on the response surface method (RSM) [35,36], the desirability function approach [37], and
the Taguchi method. Although the RSM is one of the most frequently used methods to
address multiple responses, it does not directly include the response variations. The model
can be easily trapped into local optima for complex interrelationships characterized by a
larger number of responses. The latter criticism is also applicable to the desirability function
approach. In addition, both methods do not resolve correlations among responses [40].
The optimization method used in this study is based on Taguchi’s method and adequately
addresses the shortcomings of the above statistical methods.
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Surface modification effects following the interaction between 150 ps Nd:YAG laser
light at 1064 nm wavelength and Nimonic 263, under various output pulse energies
(6-30 mJ) and accumulated pulse number (10-2000), in the nitrogen-rich and argon-rich
atmospheres, as well as the standard atmosphere conditions, are presented in this study.
The argon- and nitrogen-rich atmospheres are chosen because of their inert gas nature. It is
expected that the thermal effects would be reduced and more precise ablation would be
achieved in the presence of these gases [41]. In addition, these gasses promote the formation
of plasma that absorbs part of laser irradiation suitable for forming fine surface changes and
structures [42,43]. Moreover, nitrogen can cause forming nitrides that have been proven
to improve mechanical properties of alloys [44-46]. Electron scanning microscopy and
profilometry determine the resulting changes in surface roughness, crater formation, and
periodic surface structures. Changes in the chemical composition on the sample surface
are analysed by energy-dispersive spectrometry. Effects of the process control parameters,
pulse count, and pulse energy, on the output responses, surface roughness parameters, and
ablation characteristics are also analysed by the statistical method PSO. LIPSS formation,
with both high and low frequency periods, was detected in the nitrogen-rich and air atmo-
spheres, and not detected in the argon-rich atmosphere. Oxide formation is dominant at the
periphery of the modified surface. The most efficient ablation of Nimonic 263 surface, in
regard to crater depth and increased roughness, is achieved in the argon-rich atmosphere,
and optimal process parameters are determined.

2. Materials and Methods

The experiment is carried out on the group of Nimonic 263 samples with the dimen-
sion of each sample 100 x 30 x 2 mm. Prior to laser irradiation, samples were mechanically
polished and cleaned. The irradiation is executed with picosecond Nd:YAG laser in stan-
dard atmospheric conditions i.e., in an air atmosphere (pressure of 1013 mbar and standard
relative humidity) and the nitrogen- and argon-rich atmospheres. These gases were pro-
vided by a nozzle connected with a gas cylinder and flow meter (flow rate around 1 L/min)
and located in front of the sample surface. This experiment used a quartz lens with a focal
length of 170 mm. The stand-off distance, i.e., the distance between the sample and lens, is
the same as the focal length (170 mm) to achieve the most effective ablation. Given that the
distribution of a laser beam is Gaussian, the laser beam energy is lower on the periphery of
the sample than at the centre. Mode TEMyy, in which the laser operates, gives the output
laser beam a circular shape. The conditions and parameters of laser irradiation are given in
Table 1.

Changes caused by picosecond Nd:YAG laser interaction with Nimonic 263 superalloy
in different environmental conditions are analysed by optical microscope EPITZP 2 (Carl
Zeiss, Jena, Germany), scanning electron microscope JSM-6610LV SEM (JEOL, Tokyo,
Japan) with energy-dispersive spectrometer X-Max Large Area Analytical Silicon Drift EDS.
Contact stylus profilometry (Talysurf Series 2 profilometer, Taylor-Hobson Ltd., Digisurf
software, Leicester, UK) is used for surface topography characterization: Ra, average
surface roughness [47], rms, root mean square average of profile height deviations from the
mean line [47], PV—peak to valley [47]; ablation depth measurements, two-dimensional
profiles, and three-dimensional surface topography maps. The resolution was 0.25 pm in
x-direction, 1 um in y-direction, and 3 nm in z-direction. Filtering and evaluation process
was done in accordance with ISO 25178 Surface Texture (Areal Roughness Measurement)
international standard. The results obtained from profilometry analysis were processed in
Origin program (version 9.0) with the polynomial curve fit of second order.

Additional experiments were conducted to investigate effects of the process control pa-
rameters (number of accumulated pulses—Nj,, pulse energy—E,;) on the output responses:
(I) Ry, (I) rms, (III) ablation rate, AR, drilling depth per laser pulse; (IV) presence of craters
or crater formation, Cr, bulk material removal; (V) circularity, C, the ration between max
diameter of spot and min diameter of spot [48]; and (VI) PV, for the experimental conditions
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that were estimated to induce the most precise modification and efficient ablation, based
on surface characterization results.

Table 1. The conditions and parameters of Nd:YAG picosecond laser irradiation in the interaction
with Nimonic 263 superalloy.

Laser Nd:YAG
Wavelength 1064 nm
Pulse duration 150 ps
10
100
Number of accumulated pulses (Np) 400
1000
2000
6.0+ 05
Pulse energy (m]) 15+2
30+3
Standard atmospheric conditions (SA)
Atmosphere conditions Nitrogen-rich atmosphere (NA)

Argon-rich atmosphere (AA)

SA:2.20;5.50; 11.1
Fluences (J cmfz) NA: 3.80;9.50; 19.1
AA:6.10;15.1; 30.3

3. Results and discussion
3.1. Damage Threshold Fluence, Fy,, and Heat-Affected Zone, HAZ

The damage threshold fluence (Fy,), which represents the minimum laser energy
fluence that causes visible changes on the sample surface [13,29], was determined for the
interaction of Nimonic 263 superalloy surface with picosecond laser irradiation at different
pulse energy values. The effect which picosecond laser irradiation causes on the surface
of Nimonic 263 superalloy was determined by the amount of incident laser irradiation
absorbed by the material and the surface parameters. Further energy transfer is described
by the HAZ parameter, which represents the heat-affected zone. Considering the TEMyg
mode of the picosecond laser irradiation regime, the threshold fluences are determined
based on the dependence of the diameter of the laser irradiation spot in relation to the
logarithmic value of the pulse energy and by drawing the best line from which the value
for the diameter of the laser beam, wy, is obtained [49,50]. The value of wy is to calculate
damage threshold fluence, Fy,. For the interaction between Nd:YAG picosecond laser
irradiation, wavelength 1064 nm, and pulse duration 150 ps, with Nimonic 263 superalloy
surface, the following values of damage threshold fluences are calculated: 2.2 ] cm~2 for
the standard atmospheric conditions, 3.6 ] cm~? for the nitrogen-rich atmosphere, and
2.8 ] cm~2 for the argon-rich atmosphere.

After the absorption of laser irradiation, and if it is assumed that the thermal capacity
and thermal conductivity are constant, the resulting heat wave extends to the distance:

p~vDXxT )

where D (cm?s~!) is thermal diffusivity, T (s) is duration length of the laser pulse, and Iy,
(nm) is the length of thermal diffusivity i.e., heat-affected zone (HAZ) [51,52]. Under given
experimental conditions, the calculated theoretical value of HAZ is ~22 nm. Theoretically,
HAZ is independent of the external atmosphere, since it includes only material parameters
and laser pulse duration.
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3.2. Characterization of Surface Effects and Profilometry Analysis

After the irradiation of Nimonic 263 surface by ten accumulated pulses, the melting
of the material surface occurred due to the absorption of the incident irradiation without
any significant loss of material/ablation; surface changes are pronounced by an increased
waviness in the centre of the irradiation sample due to rapid solidification of the molten
material, as shown for SA conditions (Figure la,b). After ten accumulated pulses, the
change in the atmospheric conditions and pulse energy leads to the similar surface effects
of the Nimonic 263 superalloy, which can be described as “gentle” ablation.

SEI  20kV
UB-RGF

_Irradiation
7 :centre

> s a
SEI  20kV 'y =~ o - x1,700 10pm
UB-RGF -

20pm

SEI_ 20KV
UB-RGF

Figure 1. SEM microphotographs of Nimonic 263 superalloy surface after the irradiation by picosec-
ond Nd:YAG laser, wavelength 1064 nm, pulse duration 150 ps: (a) whole spot and (b) periphery,
Np =10, F=5.50] cm~2, SA conditions; (c) whole spot and (d) periphery, N = 100, F = 5.50 ] cm ™2,
SA conditions; (e) whole spot and (f) periphery, N, = 1000, F=15.1] cm 2, AA conditions; (g) whole
spot and (h) periphery, Np, = 1000, F = 19.1] cm~2, NA conditions.
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Theoretically, and for the pulse duration below 5 ps, the lattice temperature and
electron temperature in the metallic sample are different, and the bulk material heating
occurs after the pulse is finished, which enables precise ablation [53,54]. However, in the
case of increment of accumulated laser pulses and laser pulse duration of 150 ps, even
though they do not fall into the nanosecond regime, pronounced melting occurs, the
precise modification/ablation of the metallic surface is more difficult to achieve. Increasing
the accumulated picosecond laser pulses leads to more prominent effects on the metallic
surface, primarily hydrodynamic features such as resolidified expelled molten material at
the rims of the spot, resolidified droplets, and distinguished craters [55-57].

Considering the Gaussian distribution of the laser beam, with the pulse count of
more than ten, there is a distinct and clear transition between centre of the irradiation
target and the periphery and between the periphery of laser-modified and the unmodified
surface of Nimonic 263 superalloy, Figure 1. After 100 accumulated pulses, there is a more
prominent melting of the material and its expulsion to the target periphery (Figure 1c,d).
The formation of relatively shallow craters occurs, with a depth of up to ~10 pm (Table 2).
There is also the “puckering” and progression of the molten material to the periphery
of the irradiated target sample. It can be said that the ablation of the material is not so
efficient, and the redistribution of the material is more dominant. With 1000 accumulated
pulses, the appearance of the granular structures is present (Figure 1g,h) with an average
diameter of ~0.8 um in SA conditions (F = 5.50 ] cm2) and ~3.1 um in NA conditions
(F=19.1Jcm™2). In AA conditions (F = 15.1 ] cm~2), no granular structures are present,
but there is a formation of parallel structures with the value of periods around 1.2 um
(Figure 1e,f). As for the craters, they have formed in the centre of the laser modified surface
of the Nimonic 263 superalloy.

Table 2. Values of ablation depth after the irradiation of Nimonic 263 surface with picosecond laser
by changing the laser parameters and environmental conditions.

Ablation Depth (um)
Laser Energy, E, (m]) Pulse Count, N, SA Conditions AA Conditions NA Conditions
F=220]cm—2 F=6.10] cm—2 F=3.80]cm2
10 2.99 2.84 0.30
100 6.24 9.71 1.13
6 400 8.29 35.34 1.72
1000 13.32 55.98 3.48
2000 21.81 61.19 6.68
F=550]cm™? F=151]cm™? F=9.50]cm™2
10 0.74 2.34 0.50
100 5.08 8.76 3.14
15 400 14.39 28.33 8.04
1000 32.84 61.29 17.97
2000 83.65 123.79 66.80
F=111]cm™? F=30.3]cm™?2 F=191]cm™?2
10 0.50 1.01 0.52
100 3.17 7.95 3.42
30 400 26.08 18.69 7.49
1000 58.10 48.40 20.60
2000 70.28 89.50 57.41

Profilometry analysis was used to examine the depth of traces obtained by laser
irradiation, and the surface roughness parameters of the Nimonic 263 superalloy. Figure 2a
presents the profilometry analysis performed at base Nimonic 263 material. Figure 2b—d
present topography of surfaces irradiated by 100 accumulated pulses in SA, NA, and
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AA conditions, respectively. Figure 2e—g present topography of surfaces irradiated by
1000 accumulated pulses in SA, NA, and AA conditions, respectively.

Depth (um)

a2 Untreated surface

o 200 400 0 w0 1000
Distance (um)

Depth (m)
H

SA conditions SA conditions

o 400 800 1200
o Y T ek T a0 Distance (jim)
Distance (um)
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o 400 200 1200
Distance (um)

NA conditions

o 400 800 1200
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Depth (sm)
3
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AA conditions AA conditions

o 100 800 1200
Distance (um)

o 400 800 1200
Distance (1m)

Figure 2. 2D and 3D profiles of an untreated and laser treated Nimonic 263 surface under different
environmental conditions and with different numbers of accumulated pulses after the irradiation with
laser pulse energy Ep, = 30 mJ; (a) represents 2D and 3D profile of an untreated surface; (b—d) represent
2D and 3D profiles of laser treated surface with 100 accumulated pulses; (e-g) represent 2D and 3D
profiles of laser treated surface with 1000 accumulated pulses. Different environmental conditions
are given in 2D profiles.

With ten accumulated pulses, as can be seen from SEM microphotographs, regardless
of the pulse energies and atmospheric conditions, there are shallow dents caused by laser
irradiation with an average depth of up to ~3 um (Table 2). After 100 and more applied
pulses, as expected, there is an increase in the ablation depth at all pulse energies. The
surface effects are comparable since there is only increased roughness and shallow craters,
which can be attributed to the rearrangement of molten material, which confirms the
SEM conclusions. Considering relatively low fluence values, the main process can be
considered as ‘gentle” ablation. Further increasing the pulse count leads to more prominent
ablation and pronounced craters, as presented for laser action of 1000 accumulated pulses at
lowest fluence values, Table 2. Craters are characterized by accumulated resolidified molten
material at the rims and apparently at the bottom of the craters due to the insufficient energy
density for more efficient material removal or evaporation, especially in the argon-rich
atmosphere. At the lowest pulse energy (E;, = 6 m]), the highest value of depth is obtained in
AA conditions (~61.2 pum, F = 6.10 ] cm~2) with 2000 accumulated pulses (Table 2). At higher
values of pulse energies, E,, = 15 m] and E;, = 30 m], the highest values of ablation depths
are also obtained in the argon-rich atmosphere: ~123.8 um (F =15.1] cm~?2) and ~92.2 um
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(F =30.3] cm~2). In SA conditions, after 1000 accumulated pulses, the ablation depth
appears to reach saturation at the highest pulse energy. It can be said that the argon-rich
atmosphere is more favourable for the formation of craters than the standard atmospheric
conditions and the nitrogen-rich atmosphere. This potentially happens because air and
nitrogen have higher thermal conductivity than argon [58], increasing cooling rates in SA
and NA conditions than in AA conditions, thus providing more efficient ablation [59].
Regarding the dependence of the ablation depth from pulse count at different values of
laser fluences, and under the same environmental conditions, for example, the argon-rich
atmosphere, the results imply that the ablation depth increases up to 2000 accumulated
pulses at the 15.2 ] cm~2 and 30.3 ] cm~2 fluences. It reaches saturation of ~56 pm ablation
depth at 1000 pulses with a laser fluence of 6.10 ] cm 2.

The following parameter obtained from profilometry analysis results is the ablation
rate which represents the thickness of the ejected layer of material per laser pulse, shown
in Figure 3. With the lowest applied pulse energy (Ep, = 6 m]), in SA conditions, the ab-
lation rate is 0.30 pum/pulse after ten accumulated pulses (Figure 3a). A similar situation
happens in AA conditions. In contrast, in NA conditions, the ablation rate after ten pulses
is 0.03 um/pulse. With the increase in the number of pulses, the ablation rate decreases;
after 1000 accumulated pulses, in SA and AA conditions, the ablation rate is 0.01 and
0.03 um/pulse, respectively, while in NA conditions, the value of the ablation rate is below
0.01 um/pulse. It can be said that the ablation effect is dominant when the number of
accumulated pulses is lower (N}, < 100). In contrast, after 100 and more pulses, the hydrody-
namic effects, in the form of melting and accumulation of material in the target centre, are
more pronounced. With a pulse energy of 15 m], the ablation rate has a similar trend as the
lowest pulse energy. In AA conditions, the highest value of ablation rate (0.23 um/pulse)
is obtained after ten accumulated pulses, while in SA and NA conditions the values of
ablation rate are lower by factors 3—4 (0.07 and 0.05 um/pulse, respectively). With the
increase in pulse number, the ablation rate decreases the most in NA conditions, and the
least in AA conditions (Figure 3b). After the highest applied pulse energy (E, = 30 m]), in
AA and NA conditions, the ablation rate values decrease with an increase in pulse count:
from 0.10 to 0.04 um/pulse and from 0.05 to 0.03 pum/pulse, respectively (Figure 3c). With
this pulse energy, the ablation rate under standard atmospheric conditions has a different
trend: the value of ablation rate decreases from 10 to 100 accumulated pulses, but after
100 pulses, the ablation rate increases by a factor of 2, so in SA conditions, it is possible
to achieve efficient ablation even with a large number of accumulated pulses. Generally,
higher values of the ablation rate in AA conditions are in accordance with previous studies
regarding the laser ablation of graphite in the argon atmosphere [60].

Figure 4 represents the dependence of the surface roughness parameter R, on the
number of accumulated pulses. The following can be summarized: with the lowest pulse
energy of 6 mJ applied, a similar tendency in increasing the value of surface roughness
parameter R, have Nimonic 263 samples which are irradiated in SA and NA conditions,
with laser energy fluences of 2.20 and 3.80 ] cm 2, respectively (Figure 4a), even after
2000 accumulated pulses, while in AA conditions (F = 6.10 ] cm~2) the value of surface
roughness parameter decreases after 1000 applied pulses. However, it should be noted
that the surface roughness parameter values are highest in AA conditions (R, = 4.61 um)
and the lowest in NA conditions. When a pulse energy of 15 m] is applied (Figure 4b), the
value of parameter Ra decreases with an increase in pulse count. With this pulse energy, the
highest value of parameter R, is achieved in SA conditions after 2000 accumulated pulses
(Ra =4.20 um, F=5.50 ] cm™2). Generally, the lowest values of parameter R, are achieved
with the highest pulse energy (Figure 4c), E, = 30 m], with the highest values of R, in SA
and NA conditions (R; ~ 1.62 um, F=11.1Jcm 2, and F=19.1J cm 2, respectively).
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After the complete SEM and profilometry analysis, it can be noted that the most
efficient ablation, regarding Nimonic 263 superalloy surface irradiated with picosecond
Nd:YAG laser, occurs in the argon-rich atmosphere. In summary, after ten accumulated
pulses, values of ablation depth in AA conditions are higher for a factor 3 and 2 than
in SA conditions for the pulse energies values of 15 mJ] and 30 mJ, respectively. For
the lowest applied pulse energy (E, = 6 m]), values of ablation depth are similar. After
1000 accumulated pulses, values in AA conditions are higher for factors 4, 2, and 1.2
than in SA conditions, for the pulse energy values of 6 mJ, 15 mJ, and 30 m], respectively.
With regard to the efficient ablation in the argon-rich atmosphere, these environmental
conditions are chosen for process parametric optimization.

3.3. Laser-Induced Perodic Surface Structures (LIPSS)

After the picosecond laser irradiation in SA and NA conditions, laser-induced peri-
odic surface structures (LIPSS) were formed with 100 and 1000 applied pulses (Figure 5).
With 100 accumulated pulses, the period values of LIPSS structures are close to the laser
wavelength (1064 nm), namely 1040 nm and 1051 nm, in SA conditions (F = 5.50 ] cm—?)
and NA conditions (F = 9.50 ] cm~2), respectively. Analysing the SEM microphotographs,
it can be concluded that, after 1000 accumulated pulses, LIPSS structures are the most
prominent in NA conditions (Figure 5). They appeared on the periphery of the irradiated
target at all fluence values, while in SA conditions, they are present at 5.50 ] cm 2 with a
period value of ~984 nm. As for their period values in NA conditions, some are close to the
laser wavelength (A ~ 937 nm, F = 3.80 ] cm~?2) while others are significantly below laser
wavelength: 435 nm (F = 3.80] cm~2), 755 nm (F = 9.50 ] cm~2) and 717 nm (F = 19.1] cm~2).
According to the theory of LIPSS formation and period values [24,61,62], this indicates a
formation of both low-spatial frequency (LSFL, A~A) and high-spatial frequency (HSFL,
A << A) LIPSS structures. The mechanism of LIPSS formation is a complex process and has
been a subject of research for many years. One of the