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Abstract: In the study, the authors investigated the effects of picosecond laser ablation on the surface
topographies of MONEL® alloy 400, used in the manufacturing of marine equipment components (such as
pumps, valves, fixtures and fasteners). The experimental methodology involved preparing the material
through grinding, polishing, and cleaning before subjecting it to picosecond laser ablation using specific
parameters. The laser processing was carried out to create square ablated cavities on the alloy surface. The
impact of the laser treatment on the surface condition of the alloy was assessed through profilometry
analysis. The results provide insights into the surface topographies of the laser-treated MONEL® alloy 400
samples, offering valuable information for potential applications in marine industries.
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1. Introduction

Monel® alloy 400, a nickel-copper alloy with a single-phase, and face-centered cubic structure,
comprises at least 63% nickel and 28-34% copper with trace amounts of iron, manganese, silicon,
sulfur. Monel® alloy 400 has exceptional resistance to corrosive agents such as seawater, high-
temperature steam, salt, and caustic solutions [1-3]. It derives its robustness from its solid solution
nature, rendering it susceptible to hardening solely through cold working processes [1, 4]. This
alloy's composition grants it a suite of desirable properties, including corrosion resistance,
weldability, and high tensile strength. In environments characterized by the rapid flow of seawater,
Monel® alloy 400 demonstrates a low corrosion rate, coupled with impressive resistance to stress-
corrosion cracking in most freshwater settings. These attributes, combined with its ability to
withstand a variety of corrosive conditions, have propelled its widespread adoption in marine
applications and other environments featuring non-oxidizing chloride solutions.

Monel® alloy 400 exhibits exceptional resistance to hydrochloric and hydrofluoric acids in de-
aerated conditions, due to its resilience in challenging chemical environments. However, its high
copper content renders it susceptible to rapid corrosion when exposed to nitric acid and ammonia
systems [5-7]. Even in subzero temperatures, Monel® alloy 400 maintains remarkable mechanical
properties, making it suitable for a diverse range of applications [6, 8]. It can withstand
temperatures up to 538°C, with a melting point ranging between 1292-1349°C. Nonetheless, its
strength in the annealed state is relatively low, necessitating the use of various tempers to
enhance its mechanical robustness. Also, it is commonly employed in the manufacturing of valves,
pumps, shafts, fittings, and fasteners for its exceptional corrosion resistance and mechanical
strength. In industrial settings, Monel® alloy 400 is used in heat exchangers and plays a major role
in processes involving chlorinated solvents and crude oil distillation towers [6, 9].
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Lasers are indispensable tools in material processing, drawing significant attention in both scientific
research and advanced manufacturing applications [4-6, 8, 9]. Ultrafast lasers, notably the
picosecond (ps) laser, excel due to their high peak power and rapid pulse duration (107'? s) within
the material, resulting in high precision in material removal. The short pulse duration ensures that
energy is deposited into the material quickly, leading to rapid vaporization and ablation of the
targeted area without imparting excessive heat to the surrounding regions. This phenomenon not
only enhances the overall machining efficiency but also contributes to the preservation of material
properties and dimensional accuracy. Additionally, ultrafast lasers excel in minimizing heat-affected
zones (HAZ), preventing the formation of cracks and recasts, and ensuring high integrity and
quality of the machined surface [4].

While numerous studies have explored ultrafast laser processing of materials across various
environmental conditions, research regarding its application specifically for Monel® alloy 400
remains limited [4, 8, 9]. There is still a lack of comprehensive understanding regarding how laser
parameters impact the formation of various nano/microstructures on Monel® alloy 400.

In engineering product design and manufacturing, it is widely acknowledged that the 3-D surface
topography significantly influences product functionality and quality [10-13]. Engineering surfaces
typically exhibit characteristics such as randomness, isotropy or anisotropy, and can be
categorized as Gaussian or non-Gaussian [14].

Various techniques are used to quantify surface morphology, encompassing the physical structure
and features present on a surface, enabling researchers to analyze its shape, roughness,
microtexture, and other geometric properties [15-21].

Statistical analysis of a surface morphology, following ISO 25178-2:2012 [22], entails applying
statistical methods to quantify parameters like roughness and texture, providing insights into
surface characteristics and behavior. By statistically analyzing the surface data, researchers can
gain insights into the distribution and variability of surface features, allowing for a comprehensive
understanding of the nanostructure's characteristics and behavior [23, 24].

Another approach, fractal and multifractal geometry offers innovative models to characterize
surface roughness, assessing the full range of surface variations, and providing insight into their
spatial complexity across all scales using scale-independent parameters [25-31].

A novel method, the Minkowski Functionals (MFs) provides a mathematical framework for
characterizing the morphological attributes of surface topography, offering quantitative measures of
geometric properties such as area, perimeter, curvature, and connectivity. This enables a
comprehensive assessment of surface morphology, aiding in the interpretation of surface
properties and their impact on material behavior and performance [32-36].

This research aimed to investigate how laser processing and scanning parameters influence the
surface morphology and topography evolution of processed surfaces of marine equipment
components on Monel® alloy 400.

2. Experimental methodology

In this study Monel® alloy 400 (UNS N04400), a commercially available alloy, was considered for
investigation. Prior to laser processing, the material underwent a preparatory sequence, beginning
with mechanical fine grinding followed by polishing to achieve a mirror-like surface finish.
Subsequently, the sample underwent ultrasonic cleaning using acetone and ethanol for 10 minutes
each, followed by drying with pressurized air to eliminate any surface impurities. The laser
processing of the alloy was carried out utilizing a picosecond (ps) laser system (Perla® 100, Hilase,
Dolni Bfezan, Czech Republic) [37]. This laser system is distinguished by its capability to generate
extremely short pulses in the picosecond range, operating at a wavelength of 1030 nm. Each pulse
has a duration of 1 ps, with a maximum energy output of 1 mJ per pulse, and operates at a
repetition rate of 60 kHz. A focusing lens (Linos, Qioptiq, Géttingen, Germany) with a focal length
of 100 mm was employed to precisely focus the laser beam onto the surface at a perpendicular
angle, resulting in a focused diameter of approximately 25 ym. The scanning head (intelliISCAN 14,
Scanlab GmbH, Puchheim, Germany) facilitated the controlled movement of the linearly polarized
laser beam across the surface, enabling precise laser processing of the samples [38].
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Laser ablation experiments were conducted using various laser fluences and other parameters, as
detailed in Table 1.

Table 1: Laser processing parameters used

Parameters Values [-]

Sample A B C D
Laser fluence [J/cm?] 1 4 8 15
Scanning velocity [mm/s] 100 100 100 100
Hatching distance [um] 5 5 5 5
Scanning pass [-] 1 1 1 1

The sample was securely positioned on an X-Y table, oriented perpendicular to the incident laser
beam, with each sample subjected to processing within ambient air, covering a surface area of 2.0
x 2.0 mm?. Patterning design generation was facilitated using the Direct Machining Control 1.7.60
(64 bit) software (Direct Machining Control, Vilnius, Lithuania). Laser raster scanning was executed
in orthogonal directions: horizontally (0°) in the initial layer and vertically (90°) in the subsequent
layer, employing bidirectional scan trajectories to generate square ablated cavities. Following laser
ablation, the samples underwent cleaning in ethanol within an ultrasonic bath for 10 minutes to
remove contaminants and solid debris from the laser-ablated surfaces. To evaluate the impact of
picosecond laser treatment on the surface condition of Monel® alloy 400, the laser-ablated samples
were subjected to characterization post-surface irradiation.

A series of five test surfaces of samples were analyzed and compared based on their 3-D surface
texture characteristics using a profilometer (Dektak XT, Bruker, Billerica, MA, USA), having a
profilometer tip with a radius of 2 ym for measurements. Each laser-ablated sample underwent
analysis of a surface area measuring 300 x 300 um? for comprehensive assessment. The
temperature of the laboratory was 297 + 1 K, with a relative humidity of 60 % and in normal clean
atmospheric conditions.

3. Surface morphology characterization

Morphological analysis of the samples was conducted using Gwyddion 2.59 software [39]. The
statistical parameters of 3D surface roughness, according to ISO 25178-2: 2012 standard [22],
including height parameters such as root mean square height (Sg), arithmetical mean height (S,),
skewness (Ss), kurtosis (Sk,), were thoroughly investigated and analyzed.

The autocorrelation function was expressed as [39]:

+00 . 1
G(TxaTy)J.j_wzlzzw(Zl>ZzaTxaTy)dzlez = }LrElOEJ.J-Sé:(nyl)é(xl +T,, 0+ 7, )dxdy, (1)

where z; and z; are the values of heights at points (x+, y1), (x2, y2); furthermore, 7« = xs - x2 and 1, =
y1 - y2. The function w(z;, z,, 14, T1,) denotes the two-dimensional probability density of the random
function é(x, y) corresponding to points (x1, y1), (X2, y2), and the distance between these points T1.

The two-dimensional power spectral density function (PSDF) can be written in terms of the Fourier
transform of the autocorrelation function as [39]:

_ 1 oo —i(K, 7, +K 7))
WK,.K,)= [[ a@.re dr dz, (2)

In fractal geometry, the box-counting dimension (Ds), serves as a method for determining the fractal
dimension of a set [14]. It is defined by the ratio of the logarithm of the number of boxes of side
length € required to cover the set, denoted as N(¢), to the logarithm of the reciprocal of the box size
£. Mathematically, it can be expressed as [14]:

~ lim log N(¢)

Df =
s 5-0" log(l/ €)

3)
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The fractal dimensions of the surface microtexture of samples were quantified and assessed.
A set of the Minkowski Functionals (MFs) that comprises volume (V(z)), surface (S(z)) and Euler-
Poincaré characteristic (or connectivity number x(z)), can be mathematically expressed as [39]:

V = Nwhite /N’ S = Nbound /N’ l = (thite _Cblack)/N (4)

where: N - the total number of pixels; Nuwnite - the number of ‘white’ pixels, that is pixels above the
threshold (pixels below the threshold are referred to as ‘black’); Nboung - the number of white-black
pixel boundaries; Cunite and Cruack - the number of continuous sets of white and black pixels
respectively. These functions have no units.

4. Results and Discussion

Representative profilometer images of samples under investigation scanned over 300 x 300 pm?
surface area and corresponding surface topography are shown in Fig. 1, a-d. After evaluating the
profilometer images following adjustments to the laser fluence parameter, noticeable variations in
surface topography became apparent, indicating alterations in surface microtexture.

b) sample B

d) sample D
Fig. 1. A set of representative 3-D profilometer images of the Monel® alloy 400 for the scanning areas of 300
x 300 um?: a) sample A, b) sample B, c¢) sample C, and d) sample D.

c) sample C

The basic parameters of the height values distribution for surface microtexture offer quantitative
measures about the surface topography [14]. In our investigation, these parameters were
computed for the analyzed samples according to the guidelines outlined in ISO 25178-2:2012 [22].
A summary of these parameters, including fractal dimensions obtained via the cube counting
method [39] using linear interpolation, is shown Table 1. The correlation coefficients (R?) for all
linear fits were 0.992, indicating a good correlation.

Table 2: The basic parameters of the height values distribution of the surface samples

The basic parameters of the height Sample A Sample B Sample C Sample D
values distribution of the surface Values Values Values Values
samples

(Sa) [um] 0.351+£0.012 | 0.841+0.017 | 1.109+0.019 | 4.170+0.029
(Sq) [um] 0.414+0.014 | 1.028+0.021 | 1.433+0.023 | 5.250+ 0.074
Skew (Ssk) [-] 0.016 £ 0.003 | 0.140+0.012 | 0.317+£0.019 | 0.043 +0.005
Kurtosis (Sku) [-] -0.91 £0.06 -0.367 £ 0.04 0.820 £ 0.05 0.088 + 0.02
Inclination 6 [°] 0.3+0.05 1.0+ 0.15 1.5+ 0.19 6.8 +0.35
Inclination ¢ [°] -84.4+0.9 -1076+1.4 -98.0+ 1.1 -86.7 £ 0.9
Dr[-] 2.46 £ 0.05 2.48 £ 0.05 2.41+0.05 2.46 £ 0.05
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Upon examining Table 2, several remarks can be made: 1) Si, Sq, Ss, and Sk, values generally
increase from sample A to sample D, suggesting an increase in surface roughness and complexity;
2) The inclination angles (6 and ¢) show variation among the samples, indicating differences in
surface orientation; 3) The fractal dimension (Dy) remains relatively consistent across the samples,
indicating a similar level of self-similarity in surface structure.

In Fig. 2 are shown the height and slope distribution functions for samples (where p is the
corresponding quantity, height or slope; and abscissa is the tangent of the angle), computed as
non-cumulative (i.e. densities). By analyzing these aspects across samples A, B, C, and D,
differences in the graphs of the height distribution functions can be discerned, providing insights
into their respective surface characteristics. The parameter p exhibits a decrease in the peak value
from sample A (pmax = 0.81 um™') to sample D (pmax = 0.08 pm™"). Additionally, it's evident that the
graphs depicting the slope distribution functions for the samples exhibit symmetry (in report of the
value of tan B = 0), while the parameter p exhibits a decrease in the peak value from sample A
(pmax = 6.4) to sample D (pmax = 0.58).
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Fig. 2. The height and slope distribution functions computed as non-cumulative, in horizontal direction.
(where p is the corresponding quantity, height or slope; and abscissa is the tangent of the angle), for: a)
sample A, b) sample B, c) sample C, and d) sample D. Scanning areas of 300 x 300 um?2.

Figure 3 depicts graphs of the autocorrelation function (ACF or G), and the height-height
correlation function (HHCF or H), based on the linear interpolation type, for the samples, shown in
horizontal direction. In the context of surface analysis, the ACF quantifies how much a surface
profile at one point correlates with itself at another point as the distance between them varies. In
the context of surface analysis, linear interpolation is often used to create a smoother
representation of the surface profile or correlation functions. It is evident that the highest value of
the parameter Gnax for all samples is found for 0.0 mm < 7 < 0.01 mm. The height-height correlation
function specifically focuses on the correlation between height values at different points on the
surface. Like the ACF, the H function helps characterize surface roughness and surface features
(such as roughness, periodicity, and texture). It can be seen that the highest value of the
parameter Hmax for all samples is found for 0.2 mm < 7 < 0.3 mm, while the lowest value of the
parameter Hmin for all samples is found for 0.0 mm <7< 0.01 mm.
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Fig. 3. The autocorrelation function (G), the height-height correlation function (H), based on the linear
interpolation type, for: a) sample A, b) sample B, ¢) sample C, and d) sample D. Scanning areas of 300 x

300 pym>.

In Figure 4, the two-dimensional power spectral density function (PSDF) of the samples is

illustrated. It is clear that the highest value of the parameter W for all samples is found for 0.0 ym™*
< k<0.01 um™.
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Fig. 4. The two-dimensional power spectral density function (PSDF) for: a) sample A, b) sample B, c)
sample C, and d) sample D. Scanning areas of 300 x 300 pm?2.

Figs. 5, 6 & 7 show the plots of MFs functions V(z), S(z), and x(z) (these functions are unitless).
In Figure 5, the Minkowski volume V(z) of the samples is illustrated. Notably, the range of V(z) falls

within 0 < V(z) < 1 across all samples. Sample A demonstrates the narrowest range for z [um] (-0.2
pm £ z < 1.6 um), while sample D exhibits the widest range for z [um] (-24 um <z < 16 ym).
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Fig. 5. The Minkowski volume V(z), for: a) sample A, b) sample B, c) sample C, and d) sample D. Scanning
areas of 300 x 300 um2. These functions have no units.

In Figure 6, the Minkowski surface S(z) of the samples is depicted. Notably, the highest value of
the peak parameter Spax = 0.22 [-] is observed in sample D, while the lowest value of the peak
parameter Spi» = 0.062 [-] is observed in sample A. Sample A demonstrates the narrowest range
for z [um] (-0.2 ym < z < 1.9 ym), whereas sample D exhibits the widest range for z [um] (-22 ym <
z<10 uym).
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Fig. 6. The Minkowski surface S(z), for: a) sample A, b) sample B, c) sample C, and d) sample D. Scanning
areas of 300 x 300 ym?2.

In Figure 7, the Minkowski connectivity, number x(z), of the samples is depicted. Notably, the
highest value of the peak parameter xmax = 0.42 [-] is observed in sample A, while the lowest value
of the peak parameter ymin = -0.38 [-] is observed in sample D. Sample A demonstrates the
narrowest range for z [um] (-0.3 um < z < 2.2 ym), whereas sample D exhibits the widest range for
Z [um] (-26 ym < z< 16 uym).
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Fig. 7. The Minkowski connectivity, number x(z), for: a) sample A, b) sample B, c¢) sample C, and d) sample
D. Scanning areas of 300 x 300 pm?>.

Conclusions

This study investigated the impact of picosecond laser ablation on the surface morphology of
Monel® alloy 400, a nickel-copper alloy widely used in marine equipment components. Through a
series of experiments involving mechanical preparation, laser processing, and surface analysis, the
study explored the intricate relationship between laser parameters and surface characteristics.
Profilometry analysis revealed significant variations in surface topography among samples,
indicating distinct microtexture alterations post-laser treatment. Height and slope distribution
functions were analyzed, uncovering differences in surface features and peak values across
samples. The MFs provided quantitative measures of geometric properties, offering insights into
sample-specific variations in surface morphology. The findings contribute to optimizing laser
processing techniques for Monel® alloy 400 enhancing the performance of marine equipment
components.
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