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Abstract
Monel® alloy 400 has excellent corrosion resistance andfinds applications inmarine industries. The
processing ofmarine components requires high processing efficiency and a qualityfinish.Hence, this
research aims to investigate the effects of the laser processing parameters such as laserfluence,
scanning velocity, hatching distance, and the scanning pass on the ablation rates and efficiency,
chemistry, and nanomechanical properties of theMonel® alloy 400 after pulsed picosecond (ps) laser
ablation. From the experimental findings, the ablation depth increases as the laser fluence increases
while decreasing as the scanning velocity increases. Surface roughness was noted to increase as the
laserfluence increased. Thefindings demonstrated that the ablation rate increases as laserfluence
increases while ablation efficiency decreases. Energy dispersive x-ray spectroscopy (EDX) showed that
the elemental composition of laser-ablated zones is almost similar to that of the polished sample.
X-ray spectroscopy (XPS) shows that the outer layer on the surface ofMonel® alloy 400 is composed of
NiO andCuO. The hardness andYoung’smodulus of the laser-processed alloywere found to be less
than those of the bulkmaterial. This study can be used to establish optimal processing parameters for
the ultrafast ps laser processing ofmaterials to achieve high ablation efficiencywith a high-quality
surfacefinish for industrial applications.

1. Introduction

Monel® alloy 400, an alloy ofNi-Cu, is a widely researchedmaterial because of its numerous and diverse
applications in industries such as aerospace, high steam generators, nuclear, chemical, gas and oil, and food
processing [1]. Additionally, due to its unique properties of excellent corrosion resistance to awide range of
corrosive environments and its resistance to a ductile-to-brittle phase transition even at below-zero
temperatures,Monel® alloy 400 is used inmarine industries [2]. It ismostly used in themanufacture ofmarine
fixtures, pumps, heat exchangers, valves, shafts, pressure vessels, and piping systems for seawater applications
[3]. It has excellent corrosion resistance to salty seawater, caustic alkaline solutions, hydrofluoride, andfluorine-
containingmedia due to passive thinfilms on the surface [2].Monel® alloy 400may suffer pitting corrosion from
chloride-containingmedia [4] and stress-cracking corrosion in an alkaline environment [5]. Hence, their
surfaces can bemodified through surfacemodification techniques to improve the surface characteristics and
mechanical properties in a cavitation/corrosion environment. Over the past few decades, the advantages of
ultrashort laser processing ofmaterials have been established, andmany potential applications have been tested,
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including surfacemicromachining, nanotechnology, welding, thin film deposition, andMEMS among others.
Some of the laser surface treatments applied toMonel® alloy 400 and othermetallicmaterials include ablation,
hardening,melting, shocking, texturing, alloying, cladding, and deposition [6].

Many researchers have performedmetal laser processing experiments to understand the interaction between
ultrashort pulsed lasers and differentmetals. Kukliński et al [7] investigate the impact of laser treatment of the
Monel® alloy 400 on the surface roughness andmicrohardness. Thefindings show that surface roughness
remained low at low scanning velocities, while higher velocities had no significant impact on surface roughness.
It was noted that therewas a small increase inmicrohardness with an increase in laser beam velocity. Kukliński
et al [8] reported improvement inmicro-hardness and changes in themicrostructure following laser alloying of
theMonel® alloy 400with boron. Rajčić et al [9] reported improvement in the resilience to deformation and
micro-hardness on the surface of theNimonic 263 following heat treatment using pulsed picosecond (ps) and
nanosecond (ns)Nd:YAG laser. Bartkowska et al [6] reported that a diffusion-borided layer ofMonel® alloy 400
processed by diode laser had better corrosion resistance, hardness, andwear resistance properties than the
substratematerial. Bartkowski et al [10] reported that there is a possibility to deposit ZrC composite coatings on
aNi-Cu alloy through lasermelting.

Other studies on lasermicromachining of differentmaterials with ultrashort laser pulses have also been
carried out to understand the influence of laser parameters on ablation performance. Chen et al [11] examined
the effects of varied pulse separations and fluences on the ablation ofNi-based superalloys using a double-pulse
femtosecond laser. They noted that an ablation area obtainedwith about 2 ps pulse-separationwas enhanced by
approximately 1.5 times that achieved by single-pulse ablation. Zhang et al [12] demonstrated that ablation rates
improve as laserfluences and scanning speed increase while ablation efficiency reduces as laser fluence increases.
They also establish that as scanningwidth reduces, ablation rates and ablation efficiency improve.Wu et al [13]
established that ablation rates increase as laserfluence increases when laser ablatingCr12MoVmould steel using
a picosecond laser. Schille et al [14] established that laser fluence and volume ablation rates are logarithmically
related, where ablation rates increase as fluence increases in femtosecond laser processing of stainless steel and
copper. In a laser drilling of stainless steel and copper using picosecond laser beams using 6 ps and 100 kHz
repetition rate, Ancona et al [15], noted that ablation efficiency increases as pulse energies increase. Other
researchers have carried out research using the burstmode of ultrafast laser processing of different targets and
made a comparison to normal pulsedmode and have established that burstmode performs better in ablation
efficiency [16–19].

It has been noted that several studies on the laser processing ofmaterials using ultrafast lasers have been
reported.However, studies on applying ultrashort lasers to processMonel® alloy 400 are still limited. Research
work to understand the laser ablationmechanismonMonel® alloy 400 as far as ablation efficiency and surface
finish of ultrashort pulsed laser processing are concerned is still missing.Hence, the research’s objectivewas to
understand the effects of the laserfluences, scanning velocities, hatching distances and number of scanning pass
(es) on the evolution of the surface topography, ablation rates and efficiency, surface quality, surface, and bulk
chemistry, and nanomechanical properties of the processed surfaces ofMonel® alloy 400. The results reported in
the paper are important in thefield of picosecond laser ablation as far as the ablation efficiency and properties of
Monel® alloy 400 are concerned after the ultrashort laser ablation process.

2. Experimentalmethodology

2.1.Material and its preparation
The researchmaterial used in this study isMonel® alloy 400. TheMonel® alloy 400 (UNSN04400) alloy sample
suppliedwas cut into small pieces with dimensionsmeasuring 10×10× 1 mm.The nominal percentage
chemical composition ofMonel® alloy 400 according to themanufacturer’smaterial data sheet is given in
table 1 [20].

The physio-mechanical properties of theMonel® alloy 400 are tabulated in table 2.
Before laser processing, theMonel® alloy 400 samples were ground (using SiC foil#1200 and#2000) and

polished (3μmand 1μmpolycrystalline diamond suspensions)using a grinding-polishingmachine
(TEGRAMIN30, Struers, Denmark) to amirror-like surface finishwith a surface roughness of 64.19 nm. The
polished samples were then cleaned ultrasonically with acetone and ethanol for 10 min each; and afterwards

Table 1.Chemical composition of the commercialMonel® alloy 400 (wt%).

Ni Cu Fe Mn Si C S

Remainder 28.0–34.0 2.5max. 2.0max. 0.5max. 0.3max. 0.024max
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Table 2.Physio-Mechanical properties of theMonel® alloy 400.

Properties Tensile strength (Annealed) (MPa) Yield strength (MPa) MeanYoung’smodulus (GPa) Elongation at break Poisson’s ratio Density (kg/m3) Mean hardness (HV) Meanmelting point (°C)

Quantity 517–620 172–345 182 48% 0.32 8800 330 1320
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dried using compressed air. The aimwas to remove any surface impurities and reduce oxide layers on the
polished samples.

2.2. Experimental set-up, processing parameters andprocedure
The experimental setup used in the picosecond laser processing of theMonel® alloy 400was the Perla®100
(Hilase, CzechRepublic) laser system. The schematic diagramof the Perla®100 picosecond laser system and its
other details have been described previously in our publication [21]. The Perla®100with a 1 ps pulse length,
1030 nmwavelength, 1mJmaximumachievable pulse energy, 60 kHz repetition frequency and 60Waverage
powerwas used to process theMonel® alloy 400 sample. The laser beamwas focused using a 100 mm focal length
telecentric F-Theta lens (Linos, Qioptiq) at normal incidence to theMonel® alloy 400 surface. The linearly
polarised laser beamofGaussian profile (M2� 1.3)was focused to a spot size diameter (D= 2ω0) of
approximately 25μmat the focal plane, whereω0 is theGaussian beamwaist 1/e2-radius of the focused laser
beam. This spot diameter (D) is used for all laser parameter calculations. Laser structuringwas performed in
ambient air and the gases and other particulates produced during laser irradiationwere extracted using an air
suction device.

The laser ablationwas carried out under a variety of laser processing parameters as shown in table 3: laser
fluences, scanning velocities, hatching distances, and number of scanning pass(es). These parameters have a
significant influence on the laser processing ofmaterials. The limits chosen for the parameters were based on
some existing publications i.e., for laser fluence [12], scanning velocity [8], hatching distances [22] and the
number of scanning pass(es) [23].

An area of 2.0× 2.0mm2with different depthswas laser-processed using the scanning patterns generated by
the software (DirectMachiningControl (DMC), Lithuania). Laser scanning of the sampleswas done using two
mutually perpendicular directions (i.e., horizontal (0°) and vertical (90°)) to create a square-ablated cavity or
grid pattern [24]. Thefirst layer of thematerial was ablated horizontally, and the second layer was ablated
vertically [12] in bidirectional scan trajectories [25]. During the raster scanningmode type of laser processing,
the laser beamwasmoved relative to the sample at a scanning velocity by using a scanning head (intelliSCAN14,
ScanlabGmbH), resulting in the processing of a single line.

The number of laser tractsmade in each of the horizontal (or vertical) scanning directions for each of regions
1, 2, 3, and 4, depending on the hatching distance, was based on equation (1):

Number of the laser tracts
Length of the laser ablated area

Hatching distance HD , y
1

2000 m

y, m
1 1

m
m

=
D

- =
D

-
( )

( )

For hatching distances of 5, 20, 50, and 100μm, the number of laser tractsmade in each of regions 1, 2, 3, and
4was 399, 99, 39, and 19 tracts, respectively, on the horizontal (or vertical) scanning directions. From this, the
whole surfaces of each of regions 3 and 4were not fully ablated, but square grid patternsweremadewhere there
were untreated surfaces left. The total laser processing times for each of the regions 1, 2, 3, and 4were 16, 4, 1.6,
and 0.8 s, respectively.

The spot pulse overlap depends on the scanning velocity V, the laser pulse repetition rate f, and the focused
laser spot diameter D. The calculated pulse overlap (PO) in the scanning direction in the current studywas based
on equation (2) [26];

PO
V

D f
1 100% 2= -

´
´⎜ ⎟

⎛
⎝

⎞
⎠

( )

Because the laser spot size and repetition arefixed, the PO can be altered by changing the scanning velocity
[27]. Hence, PO= 0% is obtainedwhen the distance between two sequential pulses along the scanning line is 2ω0

(i.e., scanning velocity= 1500 mm s−1), while PO= 100%when the two pulses along the scanning line fully
overlap (scanning velocity= 0 mm s−1) [28]. The calculated POs in the scanning directionwere 93, 87, 73, and
47%. In this scenario, the next pulse along the scanning linewill always interact with the hot surface due to the
previous pulse.

The hatching distance between two laser tracts affects the scanning line overlap (LO). The LOwas calculated
according to equation (3) [29];

LO
y

D
1 100% 3= -

D
´⎛

⎝
⎞
⎠

( )

where yD is the hatching distance in scanning line arrangement along the horizontal (or vertical) direction.
Because the laser spot size is fixed, the LOwas changed by changing the hatching distance.Hence, LO= 0% is
obtainedwhen the distance between two neighbouring pulses (i.e.,Δy= 25μm) is 2ω0 while LO= 100%when
the one pulse fully overlaps the pulse on the neighbouring line pulses (i.e.,Δy= 0μm) [29]. The calculated LOs
were 80, 20,−100, and−300%. In the scenario, when the hatching distances are 5 and 20μm, thefirst laser tract
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Table 3.Experimental design.

Regions A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4

Laser Fluence, LF [J/cm2] 1 1 1 1 4 4 4 4 8 8 8 8 15 15 15 15

ScanningVelocity, V [mm/s] 100 200 400 800 100 200 400 800 100 200 400 800 100 200 400 800

HatchingDistance,HD [μm] 5 20 50 100 20 5 100 50 50 100 5 20 100 50 20 5

Number of Scanning Pass(es), n 1 2 4 8 4 8 1 2 8 4 2 1 2 1 8 4
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will interact with the subsequent laser tract, whereas when the hatching distances are 50 and 100μm, thefirst
laser tract will not interact with the subsequent laser tract.

2.3. Characterisation of the samples
TheMonel® alloy 400 samples were characterized after laser irradiation to investigate the effect of the ps laser
treatment on the evolution of the surface topography, ablation rates and efficiency, surface and bulk chemistry,
and nanomechanical properties of theMonel® alloy 400.

2.3.1. Topographical analysis
The topography of the polished and laser-structured surfaces was analysed. The samples were examined before
and after laser processing for comparison purposes. The topographies of the laser-structured surfaces were
analysed using a contact 3Dprofilometer (DektakXT, Bruker, Billerica,MA)with a vertical and lateral
resolution of up to 0.1 nm and 0.5μmrespectively. A profilometer tip radius of 2μmwas used for the
measurement. For eachmeasurement on each laser-processed region, a total area of 300× 300μmwas analysed,
covering thewidth of at least 300 scanning lines. The surface roughness parameters obtained fromboth
equipment were evaluated using the free and open-source software, Gwyddion software (http://gwyddion.
net/). The surface-based parameters of the laser-structured surfaces were studied according to definitions in ISO
25178.

The dimensions of the square-shaped ablated cavity for fully ablated regions, i.e., length lx, width ly, and
ablated depth lz, weremeasured by the profilometer. This enables the calculation of the ablation rate (AR),
ablation efficiency (AE), and ablation depth per pulse (d) of ultrashort pulsed laser ablation. The overall ablated
depth is approximated to bemade up of the ablated depths from the active area’s pulses [30]. In calculations, the
ablation depth lz for fully ablated regions (regions 1 and 2) is the average ablation depth obtained from
measurements from top surface to bottom (where the average reference line is drawn on it) on the ablated cavity.
For regions not fully ablated (regions 3 and 4), the ablation depth lz is obtained from cross-section profiles of the
V-shaped cavity [31]. In this case, themaximumdepth at the centre of theV-shaped profile is used as the
ablation depth lz. The shape ofmicro-grooves was assumed to be perfectly V-shaped [31] for the sake of
simplification in the calculation.

In this study, the AR is expressed as ablation volume per pulse number or unit time and is used to describe
the rate of removal ofmaterials by an ultrashort pulsed laser [12, 25]. In the calculation of AR, it is assumed that
the same volume ofmaterial is removed by each laser pulse [25]. TheAR for fully ablated regionswith square
cavities is calculated according to equation (4) [12];

AR
l .l .l

N

m

pulse
4

x y z
3m
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⎛
⎝

⎞
⎠

( )

whereN is the total pulse number, and N f . Ttotal= where f is the repetition frequency, andTtotal is the total
scanning time [15]. The surface roughness of the ablated cavity bottom is associatedwith ablation depth
measuring errors [30].

TheAR for not-fully ablated regionswithV-shaped profiles is calculated according to equation (5);
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Where lx,wy, lz, n andN are the length of the ablatedV-shaped cavity,meanwidth of the top part of the
V-shaped cavity,maximumablated depth of the ablatedV-shaped cavity, number of laser tractsmade and total
pulse number, respectively.

The ablation efficiency (AE) is expressed as the ablation volume per unit pulse energy [12, 25]. TheAE
describes the energy consumption ratio of ultrashort pulsed laser ablation. TheAE for fully ablated regions is
calculated according to equation (6) [12];
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l . l . l
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m
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where Epulse is the energy of a single pulse.
TheAE for not-fully ablated regions is calculated according to equation (7);

n
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where Epulse is the energy of a single pulse.
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The calculated ablation rates and efficiencies have some experimentalmeasurement errors due to the nature
of theGaussian shape of the laser beamwhich can’t be avoided. It is assumed that they have negligible effects on
the calculations.

The average ablated depth per pulse (d) of ultrashort pulsed laser ablationwas also determined. The d is
calculated according to equation (8) [13];

d
l

N

m

pulse
8z m
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⎛
⎝

⎞
⎠

( )

These equations don’t take into consideration the heat accumulation [25] or particle and plasma shielding in
ultra-short laser processing cases because the repetition rate of the laser used is less than 100 kHz [15, 16, 18].

2.3.2. Energy dispersive x-ray spectroscopy (EDX)
The elemental quantification of the bulk and lased processedMonel® alloy 400was achieved using an in-built
energy dispersive X-ray spectrometer (Oxford Instruments, UK) attached to a scanning electronmicroscope
(MIRA3-XMU, Tescan). A dedicated Aztec Energy Live Standard software was used for processing the
measurement. The samples were examined using the PointIDmethod using a 20 keV accelerating voltage, which
corresponds to a penetration depth of approximately 1μm.The beam intensity (BI) index of 16.5–17.5was
selected for the analysis to give higher signals. For compositional characterizations, at least 10 independent
measurements at different points of interest were conducted for average computations.

2.3.3. X-ray photoelectron spectroscopy (XPS)
TheXPSwas used to characterize the elemental composition and chemical bonding state of the elements on the
surfaces of the polished and laser-treated samples. TheXPS spectra were obtained using anX-ray photoelectron
spectrometer (Axis Supra, Kratos Analytical Ltd, UK)withmonochromatic Al Kα radiation (energy of
1486.6 eV, emission current: 15 mA). The procedure and other details involved have been discussed in our
previous publication [32]. The binding energy scale was not calibrated, as the value of the binding energy of theC
1 s energy level of the C–C/C–Hsignal was 285.00 eV for all samples.

2.3.4. Nanoindentationmeasurements
Nanoindentationmeasurements were carried out on the polished and laser-treated surfaces of theMonel® alloy
400.Quasistatic nanoindentation tests were carried out tomeasure selectedmechanical properties (hardness,
modulus of elasticity, andmaximumdisplacement) of theMonel® alloy 400 samples under load-controlled
indentationmeasurements. The localmechanical properties are important engineering parameters because they
are used for the evaluation of the performance of thematerial in different applications [33]. Nanoindentation is
based on the ability of thematerial to resist permanent plastic deformation due to applied force [34].

A nanoindenter (Hysitron TI 950 TriboIndenter, Bruker)with a Berkovich diamond tip (indenter)
(BER_6304)was used for nanomechanical testing. The indenter has a tip radius, angle, dimensionless
correlation factor, Poisson’s ratio, andYoung’smodulus of 50 nm, 140.6°, 1.034, 0.07, and 1141 GPa,
respectively [33].Whenmeasuring, an indenter was placed into theMonel® alloy 400 sample’s areas and held
there until bulk plastic deformation occurred [35]. The equipment continuallymeasures and records the applied
load and the indenter’s position in relation to the specimen’s surface throughout the indentation process. By
measuring the penetration depth for an indenter with specified geometry, the contact area at full loadmay be
calculated [34]. The load-displacement curve has a loading section (5 s), a load holding part (dwell time) (4 s) at
maximum load tominimize the creep effects, and an unloading section (5 s) [36]. Prior to the experiment, an
accurate tip area calibration in open-loop loadmodewas carried out [36].

The tests weremade under a peak indentation load of 1mN, and for each region, at least 5 indentations were
taken, and the average values of Young’smodulus, hardness, andmaximumdisplacement. Both single
indentation andmulti-indentation (with amatrix of 2 2´ )methodswere performed. Duringmeasurements,
special attentionwas given to regions processedwith 50 and 100μmhatching distances, wheremeasurements
were taken at the centre of the ablationmicrogrooves. This was done to ensure that themechanical properties
weremeasured only on laser-ablated surfaces.

The generated load-displacement curve data were assessed using theOliver and Pharrmethod [37]. The
reducedmodulus Er is defined by equation (9) [36];

E

v

E

v

E

1 1 1
9

r

i

i

2 2

=
-

+
-( ) ( ) ( )

where E and ν and Ei and vi are the Young’smodulus and Poisson’s ratio of sample and the indenter,
respectively. Equation (9) shows that Er depends onYoung’smodulus and Poisson’s ratio [38].
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The contact stiffness S, that is, the rate of change of load and depth, show that Er is related to the projected
contact area, A(hc), is defined as per equation (10) [37],

S E A h
2

10r c
p

= ( ) ( )

The contact depth hc between the indenter and specimen h h hc max s= - is calculated using equation (11)
[36],

h h
P

S
11c max

maxe= - ( )

Where, hmax is themaximumdisplacement, .e is a constant that depends on the indenter geometry (wherein
the ewas 0.75 for the Berkovich indenter [36]) and Pmax is a peak indentation load.

The indentation hardness is defined by equation (12) [35].

H
P

A h
12

c

max=
( )

( )

3. Results and discussion

3.1. The pulsed ps laser ablation process
Laser ablation ofmetals with ultrashort laser pulses is a complex process and is affected bymany laser and
scanning parameters, such as laser fluence, scanning velocity, hatching distance, and the number of scanning
pass(es) [39]. The process involves laser pulse-solidmaterial interaction happening on a picosecond time scale,
vapour and plasma formation and expansion, liquid expulsion andmaterial evaporation, and laser-plasma
interaction [39]. Ablationwith picosecond pulses is associatedwith equilibrium vaporization and phase
explosion [40]. During the ps laser processing ofMonel® alloy 400, the removal ofmaterials originated from a
single pulse, with pulse energy Epulse, which facilitates the ablation process. The peak fluence, Fo, of theGaussian
laser beam is related to pulse energy, Epulse and the spot radius, ,ow and given by equation (13) [26];

F
2E

A

2E 2P

f
130

pulse pulse

o
2

o
2pw pw

= = = ( )

where P is the average power, A is the area of the focus by the laser beam, f is the repetition rate,ω0 is the beam
radius at thewaist.

The laser processing of thematerial, constrained by the focus diameter, is executed in scanningmode. As a
result, laser ablation is affected by laserfluence, scanning velocity, hatching distance, and scanning pass(es). The
PO can be used to describe how scanning velocity affects laser ablation, as shown in equation (2) [12].

3.2. Topographical observations of laser-treated surfaces
In this study, a polished sample (shown as an optical image infigure 1(a))was laser ablated under laser
processing parameters i.e., laser fluence, scanning velocity, hatching distance and scanning pass. The surface
areas of 2×2mm2ofMonel® alloy 400 (shown as an optical image infigure 1(b))were processed in raster
scanningmode, where the laser beamwas irradiated line by line and each regionwas processed under different
combinations of the four laser and scanning parameters aswas presented in table 3.

The coloured regions signify the presence of different topographical features on the laser-ablated
surfaces [41].

Figure 2 shows a part of the depth profiles on B1, B2, B3, and B4 regions of the ps laser ablatedMonel® alloy
400 surfaces processed using laserfluence of 4 J cm−2. As seen infigure 2, the four regions are ablated differently,
with surfaces on regions B1 andB2 ablated to form square-shaped ablation cavities, while surfaces on regions B3
andB4 formV-shapedmicrogrooves. These topographies are replicated in other regions onMonel® alloy 400 as
per the experimentalmethod, where square-shaped ablation cavities are created in regions 1 and 2, while
V-shapedmicro-grooves are formed in regions 3 and 4. These topographies resulted because hatching distance
has an influence on the scanning line overlap (LO) [29].

Regions B1 andB2 formed the cavities during the ablation process because the LOs used therewere 80 and
20% respectively, which ensures that the next laser line along the scanning directionwill always interact with the
area of the previous laser line [27]. As a result, the area between two neighbouring laser tracts is fully ablated. The
base of the B1 cavity has a surface roughness of 0.50μmwhile the B2 cavity shows undulationswith a pitch of
19.5μm,which are probably due to the hatching distance used during ablation. Thewall angles of the ablated
cavities, however, were low,∼16° and∼6° for B1 andB2 cavities, respectively, probably related to theGaussian
laser intensity distribution [42].
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On the B3 (figures 2(c)) andB4 (figure 2(d)) regions, periodicmicro-grooves are formed on the surface of
Monel® alloy 400. This is where the laser beam (laser tracts) passes through and forms almost V-shapedmicro-
grooves due to theGaussian-shaped laser beam. The B3 andB4 regions have LOs of−100 and−200%
respectively, and in this case, the area between two neighbouring laser tracts is not fully ablated [27]. The
untreated region on the B3 region has a conical-shaped top surface, while the B4 region has a roughly square top
flat surface, because of the different hatching distances used and the left-right and top-down scanning directions
of the laser beam.

Figure 1.Optical images showing (a) the polished surface, and (b) the laser-structured surfaces (A1, A2, A3,K., D3 andD4) of the
Monel® alloy 400 sample processed under different combinations of the four laser and scanning parameters aswas presented in
table 3.

Figure 2.A section of depth profiles on (a)B1, (b)B2, (c)B3, and (d)B4 regions of the ps laser-ablatedMonel® alloy 400 surfaces using
laser fluence of 4 J cm−2.
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3.2.1. Effects of laser fluence and scanning velocities on ablation depth
The efficiency of the ultrashort pulsed laser ablation process is characterized by the ablation rate, which in turn
determines themaximumdepth of the layer ablated by a laser pulse [43]. Since ultrafast lasers are used for
precisionmachining, aminimal ablated depth dimension is desirable. The ablation depth value is the average
value of the depth of a cavity/micro-groove. The influences of laser fluence and scanning velocities on the
ablation depth are shown infigures 3(a) and (b) respectively. They are comparative graphswhere all four
parameters have been plotted for comparison.

The experimental results from figure 3(a) showed that the ablation depth outcome exhibited similar
behaviours at four laserfluences. Under different scanning velocities, hatching distances, and scanning pass(es),
the ablation depths increase in a logarithmicmanner as the laser fluences increase. This is because the ablating
depth per pulse, d, for low peak laserfluence regime, is roughly calculated as d lnF F1

0 th,ga= - / whereα−1 is the
optical penetration depth, F0 is peak laser fluence and Fth,g is the gentle ablation threshold fluence [44, 45]while
for the high peak laser fluence, it is roughly calculated as d ln F F0 th,sd= / where δ is the effective energy
penetration depth, F is the high peak laserfluence and Fth,s is the strong ablation threshold fluence [25]. As pulse
energy increases, the energy deposited on the substrate increases. Asmore energy is deposited, laser threshold
fluencewill be overcome and laser heating generated beneath the surface causes an increase in temperature. As
temperature increases,morematerial will undergo a thermodynamic phase change andwill be ablated, which
will increase the ablation depth. For the case of 100 mm s−1 scanning velocity, 5μmhatching distance, and one
scanning pass, the ablation depth is highest in comparison to the other three, and it increases as laser fluence
increases but eventually saturates at higherfluence. Thismeans that the ablation depth has an optimum fluence
beyondwhich any increase in laser fluence is no longer advantageous in terms of energy [25]. It can be stated that
the ablation depth is highest at all laser fluences when the values of the scanning velocity, hatching distance, and
scanning passes are lowest, and vice versa.

The saturation trend of the ablation depth at the higher laser fluence is due to high fluences irradiating the
surface and the high pulse and line overlap [26]. At regionD1, high fluences will generate high temperatures that
will facilitate themelting and evaporation of thematerial in a complex ablationmechanism. Therewill be a
mixture of liquid droplets and vapours under high pressure and expansion, but some of themoltenmaterial
does not leave the surface and resolidifies/recast within the ablated square cavity [40]. The recast layer formed
can be considered as incomplete expulsion of thematerial under strong ablation [40] and this willfinally cause
saturation in ablation depth.

Figure 3(b) shows the relationship between scanning velocity and the ablation depth of the laser-ablated
surfaces under different laserfluences. The experimental results fromfigure 3(b) showed that the four curves
were similar for the laser ablation at four scanning velocities. Under the same laser fluence, the ablation depths
decrease in an almost logarithmicmanner as the scanning velocities increase. The ablation depth is lowest at a
laserfluence of 1 J cm−2 and highest at a laser fluence of 15 J cm−2 at four scanning velocities.

The difference between the results of the four scanning velocities is due to the values of the laser pulse spot
overlap (PO) rate and number of pulses [23].When the scanning velocity is low, such as 100μms−1, the laser
pulse spot overlap rate and the number of laser pulses irradiated during a single scan are greatest. Therefore, the
interaction time between the beam and thematerial and the number of laser irradiation pulses per unit time and
unit distance will be the highest, and this will ablate thematerial deeply [46]. As scanning velocity increases, the
laser spot pulse overlap rate and the number of laser pulses decreases. The interaction time and the number of

Figure 3.Effects of (a) laser fluence under different scanning velocity (SV), hatching distance (HD) and scanning pass(es) (SP)
parameters; and (b) scanning velocity under different laser fluences (LF) on ablation depth of the ps ablated surfaces.
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laser irradiation pulses per unit time and unit distancewill reduce, and the depth of the ablationwill also reduce
[46]. The importance of these parameters for ablation depths is that they can be controlled so that the feed rate
for the ablation rate can be adjusted during laser processing, to improve the precision of the ultrafast pulsed laser
processing of thematerials.

3.2.2. Effects of laser fluence and scanning passes on ablation depth per pulse
The ablated depth per pulse (inμm/pulse)was also calculated, and the experimental values were plotted. The
influences of laser fluences and scanning passes on the ablation depth per pulse are shown infigures S1(a) and
S1(b) respectively, in Supplementary Information. Under different scanning velocities, hatching distances, and
scanning pass(es), the ablation depth per pulse increases as laserfluences increase in a logarithmicmanner, as
observed infigure S1(a). This is a result of the increase in pulse energy, which leads to deeper depth, thereby
increasing the rate ofmaterial removal [39]. It can also be noted that a scanning velocity of 800 mm s−1, a
hatching distance of 100μm, and eight scanning passes give the highest ablation depth per pulse.

Figure S1(b) shows the relationship between scanning passes and the ablation depth per pulse of the laser-
ablated surfaces under different laser fluences. Under the same laser fluence, the ablation depth per pulse
increases as the scanning passes increase. The results show that the ablation depth per pulse significantly
increases with a higher number of scanning passes owing to the higher number of laser pulses per area (higher
laser energy per area) [39]. It can also be observed that a laserfluence of 15 J cm−2 gives the highest ablation
depth per pulse, while a laserfluence of 1 J cm−2 gives the lowest ablation depth per pulse.

3.2.3. Effects of laser fluence on aspect ratios and surface roughness
Usually, ultrafast lasers are used for precisionmachining, and hence low surface roughness and aspect ratio are
desired [28]. Therefore, a good understanding of how laser processing parameters affect the quality of the
resulting surface structures is important. The quality of the ablated surface is described by the surface roughness
[43]. The surface roughness (Sa) of polishedMonel® alloy 400was 64.19 nmand it is noted that surface
roughness is increased during laser ablation.

Figure 4(a) shows the relationship between laser fluence and surface roughness under different scanning
velocities, hatching distances, and scanning passes. It was observed that the lowest surface roughness is 0.0936
μmwhen the laser fluence, scanning velocity, hatching distance, and scanning passes are 1 J cm−2, 200 mm s−1,
20μm, and 2, respectively. It was also noted that the surface roughness increases as the laserfluence increases.
The surface roughness is lowest at all laser fluenceswhen the scanning velocity, hatching distance, and scanning
passes are 200 mm s−1, 20μmand 2 passes, respectively. However, the ablation quality obtained is extremely
poor (Sa= 3.995μm)whenusing the highest laser fluence at the scanning velocity of 100 mm s−1, hatching
distance of 5μm, and one scanning pass as observed in figure 4(a).

Figure 4(b) shows the development of the average aspect ratios of the structural depths at the bottomof the
ablated cavity for different values of scanning velocity, hatching distance, and scanning passes as a function of the
laserfluences. The aspect ratios are calculated as the quotient of the average structure depth and the
corresponding pitch orwidth of the cross-sectional profile on the laser-treated surfaces. Infigure 4(b), the aspect
ratios are less than one for all the regions and range from0.0044 to 0.3484. It can be observed infigure 4(b) that
as laser fluences increase, the aspect ratio increases too. It was also established that the lower the scanning
velocity, hatching distance, and number of scanning passes, the higher the aspect ratios, and vice versa. For the

Figure 4.Effects of laserfluences on the (a)mean surface roughness and (b) aspect ratios under SV,HDand SP on the different regions
of the ps laser irradiatedMonel® alloy 400 surfaces.
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regions processed by the scanning velocity of 100 mm s−1, the aspect ratios vary for all the laser fluences used in
the experiment. Theworst case is when the laserfluence is 15 J cm−2 where the aspect ratio is 0.3484, and it is the
highest value.

The increase in surface roughness and aspect ratio is a result of pulse energy per unit area.Higher laser
fluences result in higher pulse energy per unit area, which hasmore thermal effects on the surface of thematerial
[39]. This will lead to the development of deeper and rougher surfaces [42]. The aspect ratios and surface
roughness results demonstrated that the ps laser processing ofmaterial at low scanning velocity, small hatching
distance, and few scanning passes at the different laserfluences can obtain better ablation quality.

3.2.4. Effects of laser fluence and scanning velocities on ablation rate and efficiency
The efficiency of the ultrashort pulsed laser ablation process is characterized by the ablation rate. The influence
of laserfluences on the ablation rate under the same scanning velocity, hatching distance, and scanning pass(es)
is displayed infigure 5(a). It can be noted infigure 5(a) that the ablation rate increases as laser fluence increases.
At the largest laserfluence of 15 J cm−2, the ablation rate is about 4–10 times that of the smallest laserfluence of
1 J cm−2 under different values of the scanning velocity, hatching distance, and the scanning pass(es).
Particularly for a scanning velocity of 100 mm s−1, a hatching distance of 5μm, one scanning pass, and
15 J cm−2 laserfluence, the ablation rate can get to itsmaximumvalue of 66.625μm3pulse−1, as seen in
figure 5(a). For the cases of scanning velocities of 100 and 200 mm s−1, hatching distances of 5 and 20μm, and
one and two scanning passes, the ablation rates increase as laserfluences increase but eventually saturate at
higherfluence. Thismeans that the ablation rate has an optimumfluence beyondwhich any increase in laser
fluence is no longer advantageous in terms of energy [25]. Theoretically, the ablation rate is always increasing
withfluence [25, 43].

Figure 5(c) presents the influence of laser fluence on ablation efficiency under the same scanning velocity,
hatching distance, and scanning pass(es). It can be observed that the influence of laserfluence on ablation
efficiency is contradictory to that of ablation rates. Figure 5(c) shows that the ablation efficiency decreases as laser
fluence increases. In addition, the ablation efficiency using 100 mm s−1 scanning velocity, a 5μmhatching
distance, and one scanning pass is higher than that utilizing the higher scanning velocities and larger hatching
distances. This trend is similar to that of the ablation rate infigure 5(a). This finding indicates that the laser

Figure 5.Effects of laserfluence on (a) ablation rate, and (c) ablation efficiency under the SV,HD and SP; Effects of the scanning
velocity on (b) ablation rate, and (d) ablation efficiency under different LF during ps laser ablation of theMonel® alloy 400.
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ablation process in scanningmode using the lowest scanning velocity, lowest hatching distance, and one pass can
give better processing efficiency.

The ablation rates and efficiency results showed that while ablation rates increasedwith increasing laser
fluence, ablation efficiency decreased as laser fluence reduced. It is possible to attribute the enhancement in
ablation rate to the increment inmaterial removal rate. As pulse energy increases, laser fluence increases and this
generates a lot of heat on thematerial whichwill initiate thermodynamic phase explosion [15] andwhichwill
lead to increases in the ablation depth of thematerial. Also, as pulse energy increases, the laser ablation diameter
increases, whichwill expand thewidth of the laser ablation. This will also improve thematerial removal rate, and
with both increases in ablation depth andwidth, the ablation ratewill eventually increase [12].

The saturation trend of the ablation rates at the higher laser fluence is due to high fluences irradiating the
surface and the high pulse and line overlap [26]. High fluenceswill generate high temperatures that will facilitate
themelting and evaporation of thematerial in a complex ablationmechanism. Therewill be amixture of liquid
droplets and vapours under high pressure and expansion, but some of themoltenmaterial does not leave the
surface and resolidifies/recast within the ablated square cavity [40]. The recast layer formed can be considered as
incomplete expulsion of thematerial under strong ablation [40] and this willfinally cause saturation in ablation
depth, leading to saturated ablation rates. However, when the pulse energy increases, the heat accumulation
effect gets worse, allowing a lot of laser energy to diffuse into the environment and then get absorbed by the
substrate, which ultimately results in decreased ablation efficiency [12].

The scanning velocity plays a significant role in the ablation rate, and its influence is displayed infigure 5(b).
It can be noted infigure 5(b) that the ablation rate decreases as scanning velocity increases under the same laser
fluence. The ablation rate is higher at lower scanning velocities than at higher scanning velocities under the same
fluence. Under allfluences, the ablation rate is highest at the lowest scanning velocity. Under all four scanning
velocities, the ablation rate is highest at the highest laserfluence, and vice versa.

The scanning velocity influences ablation efficiency significantly. Figure 5(d) presents the influence of
scanning velocity on ablation efficiency under laser fluence. It can be noted infigure 5(d), that the ablation
efficiency decreases as scanning velocity increases under the same laserfluence. The ablation efficiency is higher
at lower scanning velocities than at higher scanning velocities under the samefluence. Under allfluences,
ablation efficiency is highest at the lowest scanning velocity. Under all four scanning velocities, ablation
efficiency is highest at the lowest laser fluence, and vice versa. Theoretically, scanning velocity does not affect
ablation rate and efficiency directly. However, it has been determined that both ablation rate and efficiency
decrease as scanning velocity increases.

The difference between the results of the four scanning velocities is due to the values of the laser pulse spot
overlap (PO) rate, which depends on the number of pulses [23] and the equivalent ablation time [12]. The
effective pulse number per focus diameter, Neff is given by Neff

D f

V
= ´

whereD, f andV are focussed diameter,

repetition rates and scanning velocity respectively [12].When the scanning velocity is low, such as 100 mm s−1,
the laser pulse spot overlap rate during a single scan is greatest. Higher POmeans thatmore pulses are incident at
one laser spot, which leads to reduced threshold fluence and thus higher ablation rates and efficiency. This is
because the ablating depth per pulse, d, for laser fluence above 1 J cm−2 [45] is roughly calculated as
d ln F Fthd= / where δ is the effective energy penetration depth, F is the laser fluence, and Fth is the strong
ablation threshold fluence [25]. Therefore, if the ablation threshold fluence is lowered by pulse stacking, then the
ablation depth per pulsewill increase. Equivalent ablation time is defined as the duration of laser pulses per focus

diameter and is given byTeff
N

f

eff= [12]. So, when the scanning velocity is 100 mm s−1, the equivalent ablation

time by the beamon thematerial will be the highest, and this will result in heat accumulation hence the threshold
fluence is lowered. Because of reduced threshold fluence, the laser beamwill ablate thematerial deeply [46]. As a
result,material removal will be the highest, which translates to high ablation rates and efficiency. As the scanning
velocity increases under the same laser fluence, the laser spot pulse overlap rate and equivalent ablation time
decrease. This will lead to a reduction inmaterial removal, which translates to low ablation rates and efficiencies.

It can be stated from this section that it is advantageous to use low laser fluences and low scanning velocities
during laser processing to get reasonable ablation rates and efficiency. This will have a significant effect on
reducing surface roughness for a given ablation depth and potentiallyminimizing the heat-affected zone (HAZ).

3.3. Energy dispersive x-ray spectroscopy (EDX)
To analyse the influence of the laser ablation on the composition of the bulk laser-treatedMonel® alloy 400, the
treated regionswere examinedwith energy-dispersive x-ray spectroscopy (EDX). Point-type EDX
measurements were carried out at laser-ablated regions or tracts and on the polished sample for comparison.
The average compositions of all elements of theMonel® alloy 400were compared among the regions after laser
beam treatment, and a comparisonwasmadewith that of the polished sample. The sample EDX spectra of laser-
irradiated surfaces on regions A2 andA4 are shown infigure 6, where theA2 region is a fully ablated surface
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while the A4 region is not fully ablated. TheA2 andA4 regionswere used for comparison purposes so that
elemental composition on the fully ablated and not fully ablated surfaces can bemade. Figures 6(a) and (c) are
SEM images obtained from the surfaces of A2 andA4 regions, respectively, while figures 6(b) and (d) are the EDX
spectra obtained fromA2 andA4 regions, respectively. The EDX spectra of these two regions demonstrated that
the chemical composition of the laser-ablatedMonel® alloy 400 consisted of nickel, copper, carbon, iron,
manganese and some small amounts of oxygen, silicon, and sulphur elements.

The EDXdata also highlights the dominant presence ofNi as themain alloying element onMonel® alloy 400.
The EDXdata on the elemental composition of the bulk polished and laser-structuredMonel® alloy 400 is
tabulated in tables 4 and S1 in the supplementary information. Table S1 also shows the percentage change in the
composition of the elements after laser processing in comparison to the polished sample. It can be noted from
tables 4 and S1 that the average elemental composition of the laser-ablated zones exhibits almost similar data to
that of the polished sample.

From table 4, it is noted that the nickel element in laser-treated regions has slightly decreased in comparison
with that of the polished sample. This change in composition shows that theNi elementmight have undergone a
reduction reaction on the surface during laser ablation. The copper element in laser-treated regions has slightly
increased in comparisonwith that of the polished sample. Thismight have been becausemore copper has been
exposed due to laser ablation or hasmigrated up to the surface from the underlying layers after laser ablation.

Figure 6. (a) and (c) are SEM images; (b) and (d) are EDX spectra of the irradiatedMonel® alloy 400 surfaces of A2 andA4 regions
respectively.

Table 4.Average composition (wt.%) of the elements in the sample’s regions as per EDX.

Elements (%)

Sample/Regions C O Si S Mn Fe Ni Cu

Polished 3.34 0.37 0.31 0.02 1.09 2.10 64.37 28.40

A1 2.39 1.60 0.31 0.02 1.09 1.93 62.15 30.51

B1 3.25 3.32 0.27 0.02 1.15 1.85 58.74 31.40

C1 1.23 1.91 0.13 0.02 1.13 2.01 62.26 31.31

D1 3.33 5.64 0.19 0.02 1.02 1.82 58.18 29.80
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The carbon element in laser-treated regions has been noticeably reduced in comparisonwith that of the polished
sample. During laser processing, the laser beamdestroyed organicmolecules such as adsorbed carbon on the
substrate [22]. That is the reason for the decrease in the amount of adsorbed carbon in the laser-processed
regions.

The oxygen elements in the laser-treated regions have significantly increased in comparisonwith those in the
polished sample. This is because, during laser processing, the elements present on theMonel® alloy 400 and
ambient air react to form a thinmetal oxide layer on the processed surface [22]. The formation of the oxide layer
increased the amount of oxygen content in the laser-processed regions [47]. The Si, S,Mn, and Fe elements in the
laser-treated regions have altered slightly in comparisonwith those in the polished sample. However, their
composition remained relatively the same after laser ablation.

It can also be noticed from table S1 that the amount of oxygen in the A1, B1, C1 andD1 regions is among the
highest among all other regions. This shows that the lowest scanning velocity, smallest hatching distance, and
one scanning pass under different laser fluences generate rougher surfaces with higher Sa values, as can be
confirmed byfigure 4(a). Rougher surfaces have undergonemore oxidation during the ablation process due to
higher pulse energy per unit area, hence forming thicker oxides. The increase in those regions could also be
attributed to the presence ofmore pockets of air. Rajab et al [48] establish the samefindings in their case of laser
structuring 316 L stainless steel.

It can be summarized that the elements on both polished and laser-ablatedMonel® alloy 400weremostlyNi
andCu, with small amounts of C, Fe,Mn,O, Si, and S elements. The EDS data demonstrated that the chemical
composition of theMonel® alloy 400 before and after laser ablation remained relatively the same. Specifically, C
andNi reduce, while Cu andO increase by smallmargins.

3.4. X-ray spectroscopy (XPS)
XPS is another crucial testmethod for determining the chemical composition of the laser-processed products on
the surface of the samples under different conditions. TheXPS analysis was performed on the polished and laser-
treated surfaces ofMonel® alloy 400. Theoretically, XPS analysis is a surface-sensitive technique, and signals are
collected from a depth of approximately 10 nm from the surface [49].

Figure 7 presents the sample XPS spectra obtained from the survey XPS analysis on polished andA1 region
of the laser-treated samples ofMonel® alloy 400. The two spectra were compared to check if there are some
changes in the chemical states on the surfaces of the polished and laser-ablated samples, quantify those changes
and check the shapes of the peaks. The spectra exhibitedmain photoelectron peaks fromNi 2p, Cu 2p,O 1 s, C
1 s,Mn2p, and Fe 2p, and the A1 region of the laser-processed sample showF 1 s. Also, the presence ofOKLL
andCuLMMAuger peaks was established.Ni LMMAuger peak overlaps withMn2p peak andwasn’t
established. The spectra infigure 7 established that the chemical composition of the surfaces consisted of
predominately nickel, copper, carbon, and oxygen, with some small amounts ofmanganese and iron.

From the spectra, it is noted that theC 1 s peaks appear at the same binding energy of 285.00 eV, and this
gives an indication that all the C 1 s peaks originated from the same contribution or source [50]. It could be from
the alloy itself or adventitious carbon fromorganic pollutants in the environment [50]. The oxygen on the
surface of the polished and laser-processed samples could be oxides and/or organic oxygen from the
environment. Thefluorine (F 1 s) seen in the spectra of the laser-processed portions is thought to have come
from environmental contamination [32].

Figure 7. Survey XPS spectra for the (a) polished sample and (b)A1 regions of the laser-ablated surfaces of theMonel® alloy 400.

15

Mater. Res. Express 11 (2024) 016514 KRonoh et al



Table S2 in the Supplementary Information showsXPS data on the surfaces of the samples about the
percentage of the chemical composition before and after laser processing. From table S2, it can be noted that the
amount of carbon content on the laser-processed samples is lower than on the bulk polishedMonel® alloy 400,
except in theA2, A3, andA4 regions, where it is slightly higher than bulkmaterial. This increment is because,
during laser processing, the laser beamdestroyed the organicmolecules, such as adsorbed carbon, on the
substrate [22]. The carbonmaterial and the oxygen react in the presence of hot plasma above the surface during
ablation to form carbon oxides, which escape to the environment. It can also be observed in table S2 that the
amount of oxygen on the surface of the laser-processed samples is higher than on the polished bulkMonel® alloy
400. This is because of the oxidation process during laser processing, where themoltenmaterial, vaporized
particles, and ambient air react to form a thinmetal oxide layer on the laser-processed surfaces [51]. The
formation of the oxide layer increased the amount of oxygen on the laser-processed surfaces.

Table 5 summarizes the relationship between the laserfluence, and nickel, copper, carbon, and oxygen
contents of the laser-treated samples. From table 5, it can be noted that the amount of carbon on the laser-
treated samples decreases as the laser fluence increases. This is because, during laser processing, the hot plasma
facilitates a reaction between carbon and oxygen to form carbon oxides. As laserfluence increases, the amount of
plasma produced increases, and this increases the rate of reaction between carbon and oxygen. This will lead to a
decrease in the amount of carbon in the laser-processed regions as laserfluences increase. Li et al [50]made the
same observations when theAl surface was irradiated by femtosecond laser pulses.

The oxygen in the samples increases as the laserfluence increases, as noted in table 5. This is because surface
oxidation occurs due to the diffusion of atmospheric oxygen intomoltenmaterials and the reaction between
atmospheric oxygen and hot vaporizedmaterials during laser ablation [52]. As laser fluence increases, the
amount ofmolten, vaporized, and redepositedmaterials increases. The diffused oxygen on themoltenmaterials
and the oxidized vaporizedmaterials that will be redeposited on the surfaces results in a final highly oxidized
surface, hence leading to an increase in oxygen content [51]. There is also the increase ofNi, Cu, Fe andMn as
laserfluence increases. This could be a case wheremore elements on the laser-ablated surfaces have been
exposed to the x-rays ormore elements havemigrated to the surface during the laser ablation process.

Figure 8 presents the selected three high-resolutionXPS spectra ofNi 2p3/2, andCu 2p3/2 of theMonel® alloy
400 at the polished state and after the laser processing. The three spectrawere selected to show a comparison
among them in terms of the chemical states of their surfaces considering the influence of laserfluence. The peak
position, assignment, and quantification are shown infigure 8. In theNi 2p3/2 spectra for polishedMonel® alloy
400, regions A1 andC2 of the laser-processedMonel® alloy 400, it was observed that theNi species were the
same. Infigure 8(a), the peak detected at binding energy (BE) of 852.36 eVwas assigned to elemental Ni, and the
peaks located at BE at 855.95 eV and 860.89 eVwere assigned toNiO and its satellite peak, respectively [53, 54].
Infigures 8(b) and (c), the three peaks were assigned to elemental Ni, NiO, andNiO satellite peaks,
respectively [53, 54].

Through comparison of the high-resolution spectra infigures 8(a)–(c), it can noted that the percentage
content of theNi(0) in the polished sample is higher than in laser-ablated regions. This is because laser ablation
facilitates oxidation of the available elemental Ni at the surface of the sample toNiO and this reduces the amount
of elementalNi. Through comparison of the high-resolution spectra infigures 8(b) and (c), it can noted that the
percentage content of theNi(0) reduces as laser fluence increases. This shows that the higher the laserfluence,
the higher the oxidation rate of the elementalNi toNiO. Accordingly, infigures 8(a)–(c), the polished and laser-
ablatedMonel® alloy 400 has a lot ofNiO and very littlemetallic Ni on its surface. This demonstrates that the
passive film’s surface outer layer is primarilymade ofNiO,whereas the inside layer is primarilymade ofNi [55].

In theCu 2p3/2 spectrum (figure 8(d)) for the polished sample, it was observed that the twoCu species
existed on the surface. These peaks at 932.26 and 933.80 eVwere assigned to elemental Cu, or Cu2O, andCuO,
respectively [53]. After checking the kinetic energy of theCuL3M45M45 auger peak (918.69 eV) aswell as an
inspection of the auger peak shape (figure 7(a)), it was deduced that the peak at 932.26 eVwas formetallic Cu
[56]. According tofigure 8(d), the polishedMonel® alloy 400 has a significant amount of Cu (80.96%) and a

Table 5.Percentage composition of the elements on the laser-ablated surfaces.

Atomic concentration (ca%)

Regions Laser fluence (J/cm2) Ni Cu C O Mn Fe F

A1 1 4.61 5.07 56.58 26.2 4.36 1.67 1.51

B1 4 5.95 7.25 42.94 32.78 6.01 3.61 1.46

C1 8 7.28 8.37 39.2 34.62 7.08 2.79 0.66

D1 15 10.43 7.56 35.94 33.49 8.25 2.75 1.58
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negligibly small amount of CuO (19.04%). This shows that the outer layer on the surface of the polishedMonel®

alloy 400 is a passive film, which is composedmainly of Cumetal and a small amount of CuO. In theCu 2p3/2
spectrum (figure 8(e)) for regionA1, the spectrumobtained is for CuO, based on its appearance and has been
fittedwith four Cu species [57]. By checking the kinetic energy of theCu L3M45M45 auger peak (917.69 eV), it
can also be deduced that the dominant peak at 934.42 eVwas for CuO [57].

From the same figure 8(e), the peak at 932.40 eV has been assigned toCumetal [58], while peaks at 941.42
and 944.07 eVwere both assigned toCuO satellites from a shakeup process due to the open 3d9 shell of Cu(II)
[57]. Infigure 8(e), it can be noted that the surface of the A1 region of theMonel® alloy 400 is primarily
composed of CuO (51.28%) and a small quantity of Cumetal (18.54%). Infigure 8(f), the four Cu peaks at
932.61, 934.44, 941.19 and 943.86 eVwere assigned toCumetal, CuO,CuO satellite, andCuO satellite,
respectively. Infigure 8(f), the surface of the laser-ablatedC2 region of theMonel® alloy 400 is primarily
composed of CuO (57.43%) and just a trace quantity of Cumetal (1.90%).

The higher percentage of CuO infigures 8(e), (f) demonstrates that the outer layers on the laser-ablated
surfaces are primarily composed of CuO,whereas the interior layers are composed primarily of Cu [55].

Afitted high-resolutionC 1 s spectrumon regionA1 ofMonel® alloy 400 is shown infigure 9(a). As can be
seen infigure 9(a), there were peaks at 284.82, 286.24, 287.98, and 288.92 eV. The peak at 284.82 eV indicates the

Figure 8.Ahigh-resolutionNi 2p3/2 spectra of (a) polished sample, (b) regionA1 and (c) regionC2; A high-resolutionCu 2p3/2
spectra of (d) polished sample, (e) regionA1 and (f) regionC2.
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presence of aliphatic carbons (C-H,C-C); the characteristic peak at 286.24 eV relates to theC-O (C-OH,C-O-C)
bond of alcohols, hydroxyls, and ethers groups [32]; the peak at 287.98 eV shows the presence of theC=Obond
of carbonyl and ketones groups; and the peak at 288.92 eV indicates the presence of theO-C=Obond of
carboxyl groups [59]. As can be seen infigures S2(a) and (b) in Supplementary Information, some peaks are
similar to the peaks shown infigure 9(a). These peaks have been given the same assignments as for regionA1 of
theMonel® alloy 400.

The spectrumofO 1 s obtained from theA1 region of theMonel® alloy 400 is shown infigure 9(b) andwas
fitted into three peaks. As shown infigure 9(b) for the A1 region onMonel® alloy 400, the peak at 529.51 eV
indicates the presence of lattice oxide bonds (NiO [53] orCuO [57]). The peak at 531.44 eV is associatedwith the
presence of organic oxygen bound to carbon [carboxyl group –COO– (532.1± 0.3 eV)] [60], hydroxyl groups,
or defective oxides on the outer layer of the laser-ablated surfaces ofMonel® alloy 400 [57]. The peak at 533.15 eV
indicates the presence of the hydrogen bond due towatermolecules adsorbed on the surface [53] or organic
oxygenwith theO–C=Obond [60]. Infigures S2(c) and (d) on Supplementary Information, peaks similar to the
ones infigure 9(b) can be noted, and thus they have been given the same assignments as for regionA1 of the
Monel® alloy 400.

In this section, it can be stated that the surfaces of both polished and laser-ablatedMonel® alloy 400 have
mainlyNi, Cu,O, andC elements. TheXPS spectra demonstrated that the surface of theMonel® alloy 400 has a
thin passive protective film,mostlymade up ofNiO andCuOfilms.

3.5. Nanoindentationmeasurements
Nanoindentationmeasurements were carried out on the polished and laser-processed surfaces.
Nanoindentation is one of themost common and preferredmethods for the evaluation ofmechanical properties
[34]. In themeasurements, the loading time of a load of 1mNwasfive seconds, the dwelling timewas four
seconds, and the unloading timewas five seconds. The nanoindentation data obtained from the experiments is
tabulated in table 6when a peak indentation load of 1mNwas applied.

Considering table 6, it was noted that themeans of the indentation depth (hc), hardness (H) andYoung’s
modulus (E) values of the polished sample were 46.98 nm, 3.29 GPa, and 192.51 GPa, respectively.
Theoretically,Monel® alloy 400 has a hardness andYoung’smodulus of approximately 335HV (=∼3.3 GPa)
and 182 GPa, as given in table 2. This shows that the theoretical and experimental values of the hardness and
Young’smodulus are in agreement as per this nanoindentation test.WhenMonel® alloy 400 is laser-ablated, its
surface ismodified by the laser beam. The surfacewill undergo somemorphological andmicrostructural
changes, and itsmechanical properties will be altered. After ps laser ablation, the results of nanoindentation
tests, as observed in table 6, show that the hc at different regions has higher values than those of the polished
sample, while theH and E values are less than those of the polished sample.

Considering the results in table 6, it is seen that themeans of the hc,H, and E values of the laser-ablated
regions are in the ranges of 108.17–457.93 nm, 0.22–1.30 GPa, and 17.13–146.75 GPa, respectively. At a peak
load, the indentation depth is increased bymore than two times in laser-ablated regions than in polished sample,
which suggests that resistance to elastic-plastic deformation is reduced after ps-laser processing. The reason for
the reduction in hc is the change in the physicalmicrostructures of theMonel® alloy 400 due to ps-laser
irradiation [13]. The larger hc in laser-ablated regions shows that plastic deformation is larger under the same
load in comparison to a polished sample. The lower values ofH and E obtained in ps laser-ablated regions can be
attributed tomicrostructural changes on the surface of theMonel® alloy 400 after ps laser irradiation. After

Figure 9. (a)Ahigh-resolutionC 1 s spectrumon regionA1; (b)Ahigh-resolutionO1 s spectrumon regionA1.
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irradiation, the surface becomes softer and there is a small heat-affected zone (HAZ) [13], and consequently, the
H and Er values reduce in comparison to those of a polished sample under the same load. Similar observations
on the changes in hc,H, and E values after laser ablation of single-crystalline SiCweremade byChen et al [61].

It was noted from figure S3(a) on Supplementary Information that hc values at A1, B1, C1, andD1 regions,
processed using the same scanning velocity, hatching distance, and scanning pass but different laserfluences, are
highest in comparison to those of other regions. ForH and E values shown infigures S3(b) and (c), respectively,
the A1, B1, C1, andD1 regions have the smallest values in comparison to those of other regions. This indicates
that as laserfluence increases, the hc increases whileH and E reduce. This is because as laser fluence increases, the
laser energy deposited per unit area increases, and hence,moremicrostructural changes on the surface of the
Monel® alloy 400will happen. It was also noted fromfigure S3 that a scanning velocity of 200 mm s−1, a hatching
distance of 20μm, and two scanning passes give the lowest values of hc and the highest values ofH andE.

It is alsoworthmentioning that the values of the nanoindentation data obtained in ps laser-ablated regions
can be attributed to other factors such as surface roughness, and surface topography, and indenter geometry
[33]. It has been stated that surface roughness, particularly at low indentation depths, has a considerable impact
on the nanoindentation outcomes [34]. The topography of the surface has a considerable impact on near-surface
mechanical characteristics, and the values in comparison to real values can be exaggerated [35]. Hence, the
nanoindentation results obtained from laser-ablated regionsmay differ from the real values because of the
topography of the ps laser-ablated regions and their surface roughness.

4. Conclusion

Monel® alloy 400 surfaces were irradiated by scanning picosecond laser pulses to study the effects of the laser
processing parameters on the ablation rate and efficiency, surface finish, the chemistry of thematerial, and
nanomechanical properties. The regionswere irradiated at the normal incidence in atmospheric environments
using the Perla PS laser under different laserfluences, scanning velocities, hatching distances, and scanning
passes. It was established that the ablation depth increases with an increase in laser fluence but reduces as the
scanning velocity increases. This indicates that the processing parameters can be regulated to achieve a precise
laser ablation depth. It was observed that ablation rates increase as laser fluence increases while decreasing as
scanning velocity increases. In the case of ablation efficiency, the ablation efficiency decreases as laser fluence and
scanning velocity increase. It can be concluded that it is advantageous to use low laser fluences and low scanning
velocities during laser processing to get reasonable ablation rates and efficiency. This will have a significant effect
on reducing surface roughness for a given ablation depth and potentiallyminimizing the heat-affected zone. The
EDS data demonstrated that the elements on both polished and laser-ablatedMonel® alloy 400weremostlyNi
andCu, with small amounts of C, Fe,Mn,O, Si, and S elements. The EDXdata analysis shows that the chemical
composition of the polished sample and the laser-ablated sample had almost the same percentage of elements.
XPS data showed that the surfaces of both polished and laser-ablatedMonel® alloy 400 are composedmainly of

Table 6.Nanoindentation data obtained from the surfaces ofMonel® alloy
400 samples.

Datafile

Mean contact

depth, hc (nm)
Mean hardness,

H (GPa)
Young’smod-

ulus, E (GPa)

Polished 46.98 3.29 192.51

A1 213.16 0.58 76.43

A2 124.75 1.14 108.89

A3 119.25 1.16 94.54

A4 116.57 1.19 77.23

B1 281.79 0.33 52.77

B2 109.10 1.30 146.75

B3 152.28 0.80 99.52

B4 134.15 1.28 100.18

C1 457.93 0.36 19.63

C2 108.17 1.23 131.67

C3 122.01 1.11 116.86

C4 141.61 1.12 95.11

D1 373.68 0.22 17.13

D2 249.21 0.53 45.20

D3 215.71 0.53 50.71

D4 167.97 0.76 62.72
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Ni, Cu,O, andC elements. The high-resolutionXPS spectra demonstrated that the surface of theMonel® alloy
400 has a thin passive protectivefilm,mostlymade up ofNiO andCuO films. The indentation depths of laser-
ablated regions are higher than those of polished sample, while hardness andYoung’smodulus values are lower
than those of polished sample. The hardness andYoung’smodulus of the laser-ablated surfaces reduce as laser
fluences increase, and nanoindentation results can be affected by surface roughness.

This researchwork established that the laser processing conditions for fabricating the desired surface
structures and components are determined by regulating the fluence, scanning velocity, and hatching distance
so that good ablation efficiency and a quality finish can be realized. It also provided the possibilities of using a ps
laser for processingmaterials under laser and scanning parameters for different applications, such as inmarine
equipment for corrosion control. Further studies on the corrosion behaviour of the laser-structuredMonel®

alloy 400will be undertaken.
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