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Abstract: A three-dimensional finite element model of nanosecond pulsed laser processing is de-
veloped, given the variation of thermal physical parameters with temperature during the laser
processing of metallic materials. The effect of process parameters on the temperature field is analyzed
by simulating the temperature field of 304 stainless steel processed by nanosecond lasers. Tempera-
ture is the most sensitive to repetition frequency. The effects of power, spot diameter, scanning speed,
and scan line spacing on temperature decrease successively. The quantitative analysis of the relation-
ship between processing parameters and temperature provides a basis for the corrosion-resistant
mask processing parameters on the surface of 304 stainless steel. The applicable laser processing
parameters are given according to the results of the orthogonal simulation experiments; the masks
and experimental studies on corrosion resistance are carried out. Experimental results show that
the corrosion potential of the mask increased by a maximum of 326 mV and the corrosion current
decreased by a maximum of 479 nA /cm? in the passivation electrolyte. Localized electrolysis of the
material surface is carried out using the mask provided by the corrosion-resistant surface, and thus
the micro-patterns of more complex shapes are processed. This study offers a new path for the micro
electrolytic processing mask process.

Keywords: nanosecond pulsed laser; masked surface; thermodynamic analysis; electrolysis

1. Introduction

In recent years, due to its unique properties such as high precision, high controllability,
low cost, and a slight heat-affected zone, laser processing is widely used in processing tech-
nologies such as precision cutting, drilling, etching, welding, and heat treatment of metals,
non-metals, and various composite materials. In particular, as short-pulse micro machining
has minimal spot diameter and can form special functional surfaces such as corrosion
resistance and self-cleaning under rapid heating and cooling conditions, the study of the
properties and principles of the surfaces produced by short-pulse laser micromachining has
received increasingly widespread attention [1-3]. Since the surface microstructure morphol-
ogy, microstructure, dimensional accuracy, and mechanical properties are all affected by the
pulsed laser processing parameters, many scholars have worked on the influence of process
parameters on thermal behavior [4-7], the mechanism of lattice defects, nanocrystallization
or amorphization resulting from surface stress [8], surface wear [9,10], and melting and
recondensation due to short pulse laser action [11-13]. The width of the femtosecond
pulsed laser is shorter than the electron-ion energy transfer time and heat conduction time
in the sample lattice, and the heat-affected zone is negligible, offering higher accuracy
and sensitivity. However, there is no substitute for nanosecond fiber lasers in industrial
manufacturing due to their low cost, high efficiency, reliability, and stability [14]. Recently,
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scholars have delved into the relationship between laser processing parameters and surface
micro-nano structures and analyzed the reasons for their specific functions. However,
most proposed thermodynamic models assume that the thermal physical parameters do
not vary with temperature in order to simplify calculations. Therefore, it is important to
consider the phase transition and the variation of thermal properties with temperature
and construct a thermodynamic analysis model. This model can be used to reveal the
ablation and heat transfer mechanisms of nanosecond lasers. It has important implications
for the preparation of micro and nanostructured surfaces with functions such as corrosion
resistance and self-cleaning [15-17].

Due to the large number of laser processing parameters, many scholars tend to study
the effect of individual variables on the temperature field [7,18,19]. The effect of multiple
processing variables acting together on the temperature field is considered in this paper, and
three-dimensional micropatterns are processed based on the analysis of corrosion resistance.

Taking full account of the variation of thermal physical parameters with temperature,
the paper develops a three-dimensional finite element thermodynamic analysis model of
the nanosecond pulsed laser for the construction of micro and nano structures on the surface
of 304 stainless steel. By designing orthogonal experiments for five processing variables in
laser processing, the degree of effect of several process parameters on the temperature field
is quantitatively analyzed. Based on the simulation results, suitable process parameters are
selected to process the surface of microstructures with corrosion-resistant function, and the
corrosion-resistant surface is used as a mask. Ultimately, micro-patterns with a certain etch
depth are electrolytically processed.

The remaining sections of the paper are organized as follows. The materials and
methods used for the experiments are described in Section 2. A three-dimensional thermo-
dynamic analysis model for nanosecond pulsed laser processing is presented in Section 3.
A thermodynamic analysis of the developed model is presented in Section 4. In Section 5,
the mask anti-corrosion electrolysis experiments are shown. The conclusions of the paper
are summarized in Section 6.

2. Experimental Materials and Methods
2.1. Experimental Materials and Workflow

In this paper, the material used for the experiments is industrial single-sided polished
304 stainless steel, with a thickness of 1 mm and a size of 10 mm x 10 mm (sample 1) and
20 mm x 20 mm (sample 2). The samples are cleaned in an ultrasonic ethanol bath for 15
min before laser treatment and dried in a clean environment before use. The flowchart of
the method is shown in Figure 1.
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Figure 1. Flowchart of the research work.

2.2. The Laser Source and Micro Electrolytic Processing

Laser and micro electrolysis processing is carried out in a self-developed laser mask
micro-electrolysis combination system [20]. The device combines a pulsed laser module
and a micro electrolysis system with a high-frequency pulsed power supply on the same
three-axis feed table. The laser beam of the laser processing system is supplied by a pulsed
fiber laser (IPGphotonics®, Auburn, MA, USA) with a maximum power of 20 W. The
beam movement is controlled by an oscillating mirror (SCANLAB-SCANcube®, Puchheim,
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Germany) with a wavelength of 1064 nm, a pulse width of 100 ns, a repetition frequency of
20-200 kHz, and a scanning resolution 0.4 microns. The micro electrochemical machining
system consists of a self-developed pulse processing power supply and an electrolyte
circulation system. The structure principle of the hybrid processing system is shown
in Figure 2.
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Figure 2. The developed device for electrochemical micromachining with fiber laser mask.

2.3. Surface Morphology Characterization

Sample 1 is laser-scanned according to the set parameters. The morphology of individ-
ual etch pits is observed using a fully automated Zeiss Material Microscope Imager Z2m
and is compared with the simulation results. A JSM-6360LV scanning electron microscope
(JEOL, Tokyo, Japan) is used to observe the morphology of the micro-pattern formed after
micro-electrolytic processing. Filmetrics Profilm3D profilometer (Filmetrics Inc, San Diego,
CA, USA) is used to measure the 3D morphology and roughness of the micro-pattern.

2.4. Electrochemical Characterization

Electrochemical tests are carried out on an electrochemical workstation CHI660E
(Chenhua Inc., Shanghai, China). The corrosive medium is a 1.8 mol/L NaNOj solution.
The reference electrode is a saturated glycerol electrode, and the auxiliary electrode is a Pt
electrode. Sample 2 is the working electrode. The polarization curves test is carried out
by scanning from —0.5 mV to the anode at a scanning rate of 1.67 mV /s until the end of
steady-state pitting or hyper-passivation corrosion. The values of corrosion potential and
corrosion current density are calculated using the Tafel interpolation method.

First, sample 2 is laser scanned over 15 mm x 15 mm. The wire is led from the
non-polished surface and encapsulated with epoxy resin to expose the 10 mm x 10 mm
polished working surface. The sample edges are carefully encapsulated to prevent crevice
corrosion from occurring.

3. Three-Dimensional Thermodynamic Analysis Model for Nanosecond Pulsed
Laser Processing

3.1. Numerical Simulation Models

Laser melting and coagulation is a non-stationary, transient heat-conduction process.
Nanosecond pulsed laser ablation is a heat-transfer process of thermal energy to the interior
of the metal and satisfies the thermal diffusion equation. The model control equation is
a non-linear transient analytical equation. In this paper, a 3D geometric model is created
using DesignModeler on the ANSYS workbench 18.2 platform (ANSYS Inc., Canonsburg,
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PA, USA). The geometric figure is a 10 mm x 10 mm x 1 mm cube. The material is
304 stainless steel, and the temperature-dependent thermal property parameters of the
material are added in Engineering Data, which is taken from the literature [21].

In order to ensure a good computational accuracy and avoid the overly long computa-
tion time due to a too-small mesh, which may result in non-convergence of the solution,
we choose the Workbench /Tetrahedrons/Patch conforming method and take into account
all faces and edges to refine the mesh within the heat-affected zone. The mesh is further
refined in the laser loading range so that there is a sufficient number of meshes in the spot
diameter range to ensure the stability of the calculation.

The pulse Gaussian moving heat source within the range defined on the upper surface
is determined as a type Il boundary condition according to the Beer-Lambert law. Therefore,
the mathematical expression for the individual pulsed heat flux is as follows [22]:

2P 2(x% +1?
I(r,z,t) = A exp <_<r%) exp(—uaz) 1)

The heat flow density is averaged over the range of the beam and acts on the surface
as follows [23]:

Qx, ¥, t) =q(x,y,t)g(t) )

where g(t) is the pulse time distribution and is a unit step function.

As the interaction of the pulsed laser with the interface is influenced by many factors,
the ablation process of the pulsed laser includes functions such as heat transfer, melting,
evaporation, and plasma formation. The melt ejection and evaporation resulting from
superheating cause the area being treated to melt and recondense and change the laser
absorption rate and energy dispersion, so that the actual laser heat flow acting on the
surface is significantly lower than the expected calculated values from the model. The laser
ablation threshold is 2-3 orders of magnitude higher than the experimentally measured
breakdown intensity [24]. Therefore, the plasma attenuation coefficient A is introduced as
a correction factor in Equation (1), and A is 100 m~! [25]. The parameter P is the average
power of the pulsed laser, and « is the optical absorption coefficient of the material, which
is 0.27 in the study [26]. The parameter T is the pulse width, r, is the spot radius, and x and
y are the position coordinates of a point on the radius of the laser action position.

The initial temperature of the model is set at a room temperature of 25 °C. The latent
heat of phase change is considered enthalpy, as the substrate temperature rises above the
melting point. Mechanical constraints are free. The heat dissipation conditions are mainly
heat exchange between the surrounding area and the air and between the bottom surface
and the support material. The four sides and the upper surface of the unloaded laser are
convective heat exchange, which complies with the third boundary condition.

oT JoT aT
A—nx =+ A—ny + /\g

ox oy Mz = K<Tw B Tf) ©)

where « is the convective heat transfer coefficient, A is the thermal conductivity, Ty, is the
temperature of the surrounding medium, Ty is the temperature of the known boundary,
and ny, n, and n; are normals to each direction.

The above heat sources and boundary conditions are loaded into the 3D finite element
model. In this paper, the workbench platform in ANSYS is used for geometric modeling
and transient thermodynamic analysis of the model. Therefore, the boundary conditions
are imposed as temperature and convection, and a moving heat source is established in the
function of the mechanical APDL platform in ansys; the pulsed laser is loaded and solved
through the command stream. The model at a certain instant after loading and solving is
shown in Figure 3.
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Unit: °C

Figure 3. The transient thermodynamic model with loaded boundary conditions.

3.2. Numerical Simulation Models

The modeling is based on partial assumptions, and the simulation results are compared
with similar materials to ensure model validity. The comparison data are taken from the
literature [27]. As shown in Figure 3, the simulated temperature follows the same trend as
the comparison data at the same peak power density. However, the simulated temperature
is slightly higher than the experimental temperature. According to the following equation,

we correct the model because the laser heat source is introduced with an average heat
flow [28].

p
1 0.865P
Y, ,t = — 2 d = 4
(%92 1) mgo/qw)r = @

The corrected comparison data are shown in Figure 4, where the temperature variation

matches the same peak power density. The simulation results tend to be consistent with
the comparison data.
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Figure 4. Comparison of the simulation model, modified simulation model, and temperature from
the literature.
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To further verify the reliability of the modified model, the samples are laser processed
in a stable indoor clean air environment. The power is 5 W and 6 W, with a spot diameter
of 50 um, a scanning speed of 200 mm/s, and a repetition frequency of 20 kHz. The
experimental sample 1 is placed on the bench without restraint, the focus is adjusted, and
the nanosecond pulsed laser is loaded onto the sample surface.

The simulated results at different power levels and the experimental data are shown in
Figure 5. The measured ablation diameter at 5 W is 48.33% of that at 6 W, and the simulated
heat flow density is 48.36% of that at 6 W, which shows that the pit diameter and heat flow
density increase almost the same amplitude with the increase of power. It is also confirmed
that the heat transfer mechanism in nanosecond pulsed laser processing is heat conduction.
The heat flow density directly affects the size of the etch pits. The laser energy affects the
amplitude of ablation process, which is consistent with the conclusion in reference [29].
The depth of the etch pits is 43.23% of the depth at 6 W, with a slightly smaller variation in
depth; this is because the pit depth is affected by the melt weight condensation.

77 crater diameter (um)

B crater depth (um)

temperature (°C)

heat flux density (e9W!m2) 6078

53.43 N
% 4554

N

25.84

3.47 42
1.50 2.03
SWO6W5SW 6WSW6W5WoewW

Figure 5. Simulation model versus experimental data trend graph.

The pit morphology, temperature field distribution, and heat flow density distribution
are shown in Figure 6. The etch pit is formed by nanosecond laser ablation, with a depressed
center and an upward expansion and elevation. At 6 W, the ablation temperature, heat flow
density, and pit size are significantly higher than those at 5 W. The maximum temperature
during pulsed laser processing occurs on sub-surfaces. The ablation state is determined
by evaporation and melt discharge, with superheating and bubble formation leading to
explosive melt injection. The reaction forces caused by the impact and ablation transmitted
through the melt lead to melting spattering, which recondenses after highly rapid cooling,
resulting in irregular upward expansion of the etch pit edges.
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Figure 6. Comparison of the laboratory etch pit morphology with the temperature field and heat flow
distribution at different power levels: (a) 3D morphology of the pit at 5 W, (b) 3D morphology of the
pitat 6 W, (c) heat flow field distribution at 5 W, (d) heat flow field distribution at 6 W, (e) temperature
field distribution at 5 W, and (f) temperature field distribution at 6 W.

The above analysis verifies the validity of the constructed thermodynamic analysis
model for nanosecond pulsed laser processing. The model reflects the heat transfer process
of the nanosecond pulsed laser processing process under the processing parameters and
reproduces the temperature field under the action of the nano pulsed laser.

4. Thermodynamic Analysis of the Model
4.1. Orthogonal Simulation Experimental Design

To further explore the effect of each processing parameter on the temperature field, a
five-factor four-level orthogonal simulation experiment was designed. The corresponding
processing parameters, maximum temperatures, and extreme differences of the simula-
tions are shown in Table 1. The factor trend diagrams of the effect of each factor on the
temperature field are shown in Figure 7.
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Table 1. Orthogonal experiments for laser processing simulation.

E . Repetition Scanning . . Scanning Maximum
xperimental Power F Speed Line Spacing Di ¢ T t
Program (W) requency pee (um) iameter emperature
(kHz) (mm/s) (um) ()
1 4 20 5 5 50 5853
2 4 40 10 10 60 2466
3 4 60 20 20 70 1337
4 4 80 40 40 80 993
5 5 20 10 20 80 4559
6 5 40 5 40 70 2619
7 5 60 40 5 60 2026
8 5 80 20 10 50 1733
9 6 20 20 40 60 7341
10 6 40 40 20 50 4430
11 6 60 5 10 80 1799
12 6 80 10 5 70 1448
13 7 20 40 10 70 7326
14 7 40 20 5 80 3227
15 7 60 10 40 50 3441
16 7 80 5 20 60 2124
Polar ‘%gerence 1367.5 4695.25 715.25 486 1219.75 -
5500
50007 ~de— (P)power
4500 —&— (f)repetition frequency
O 40007 == (V)sweep speed
° —¥— (L)line spacing

~&— (d)spot diameter

b
=
S
s
o)
g 2500 =
£ 20007 ,/'\/ N
L \
10007
500

L B PR N BN A L R A L B N )

P,PyPyP, £, f> f3 f40, 03039, L, L,L,L,d, d,d
influence factor

:d4

Figure 7. The trend of the influence of the temperature field of each factor.

4.2. Experimental Results and Discussion

As can be seen from Table 1, the range of repetition frequency is 4695.25, which is the
largest. In contrast, the line spacing has a value difference of 486. The value difference of
each factor by size order is repetition frequency, power, spot diameter, scan speed, and
scan line spacing. Thus, the temperature is the most sensitive to repetition frequency, and
changes in repetition frequency have the most significant effect on the temperature field.
The factors that affect the temperature field in descending order are repetition frequency,
power, spot diameter, scan speed, and scan line spacing. As can be seen from Figure 7,
increased repetition frequency results in the most significant decrease in temperature.
It is the most critical factor affecting the temperature field. The temperature increases
with the increase of power, while the more significant the spot diameter, the more the
temperature decreases.

In contrast, the effect of the secondary factors, scan speed, and line spacing varia-
tion on temperature is governed by the variation in the primary factors. Although scan
speed and scan spacing have a negligible effect on the temperature field of an individual
melt pool, they are still important factors in determining the surface microtopography.
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They will be essential factors in surface properties through their importance in surface
microstructure formation.

5. Masked Anti-Corrosion Electrolysis Experiments
5.1. Mask Preparation and Corrosion-Resistance Testing

In order to further explore the application of producing a functional micro-surface by
nanosecond pulsed laser processing, the sample surface under the action of nanosecond
pulsed laser should be adequate to produce a micro-structure due to slight ablation, and the
irreversible ablation damage to the surface due to excessive peak power density should not
affect the use function of the material. Based on the results of the orthogonal experiments,
the items in the orthogonal simulation experiments where the ablation temperature reached
the melting point of 304 stainless steel are selected. Experiments 7 (2026 °C), 8 (1733 °C),
11 (1799 °C), 12 (1448 °C), and 16 (2124 °C) are selected for sample 2, then laser scanned,
processed, and encapsulated for corrosion-resistance testing. The simulated temperature for
experiment 12 is slightly below the melting point of 304 stainless steel (1450 °C). However,
it is still included in the corrosion performance tests, given the potential for error in the
simulated temperature. The unmasked substrate and the experimental polarization curves
for each number are shown in Figure 8. The corrosion potentials and electrical currents are
shown in Table 2.

/unmarked
-5
P -6 - \ I
< ! 1
N
o
g 9
-10 /8
-114
-12

-0.8-06-04-0200 02 04 06 08 1.0 1.2
Potential/V

Figure 8. Polarization curves for selected items in the orthogonal experiment table.

Table 2. Corrosion potentials and corrosion currents of substrates and experimental items.

Test Program Substance 7 8 11 12 16
Ecorr (mV vs. SCE) —330 —328 —328 —-56 —146 —4
Leorr (LA /cm?) 0.48 0.40 3.86 x 1074 7.06 x 1073 0.81 1.37

It can be seen from Figure 8 and Table 2 that the 304 stainless steel substrate and the
laser-machined mask scanned at each experimental parameter show varying degrees of
passivation corrosion in a 1.8 mol/L NaNQOj solution. Samples with maximum temper-
atures close to the melting point show good corrosion resistance. The mask layers with
different processing parameters show the highest breakdown potential for experiment
16 compared to the substrate. The breakdown potential is 326 mv higher than that of the
substrate. However, the self-corrosion current is slightly higher than that of the substrate.
The corrosion currents of experiments 7, 8, 11 significantly negative shift. In experiment 8,
although the breakdown potential is not significantly elevated, the self-corrosion current
drops significantly, by 479 nA/cm?, indicating the highest quality of the mask, significantly
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lower corrosion rate, and better corrosion resistance. The current density decreases with
increasing potential. This may be due to the fact that ablation close to the melting point of
the substrate produces a dense oxide film, which hinders the diffusion of ions and leads to
a decrease in corrosion current. Therefore, the best quality of the mask is selected for the
laser scanning processing in experiment 8. The laser processing parameters are shown in
Table 1, and the processed samples are used for the electrolytic processing experiments.

5.2. Micro Electrolytic Processing Experiments

There is no heat-affected layer on the surface during high-frequency pulsed current
micro electrolytic machining processing. The transfer of material takes place on an ionic
scale, and surface roughness is minor, significantly improving the forming accuracy of
micro machining. However, the processing efficiency is low, and complex micro machining
of electrodes is required [30,31].

In the self-developed laser mask micro-fine electrolytic composite processing system,
the electrolyte is 1.80 mol/L NaNOj. In experiment 8, electrolytic processing parameters
scan the sample with a complex pattern of shapes as the anode, and the unique tool chuck
mount sheet 304 stainless steel electrode as the cathode. Laser scanning of the surface
generated by the mask for the non-machined area cannot be spurious to corrosion. The
unmasked part is selectively anodized in the electrolytic process due to its poor corrosion
resistance, generating a complex pattern. During the electrolytic process, the processing
voltage is 9.5 V, the pulse width 50 s, the pulse interval 750 s, the processing gap 220 pum,
and the scanning speed 200 um/s.

Due to the thin protective layer processed by the nanosecond pulsed laser, the etching
depth can be increased by multiple positioning rescans and electrolysis. The SEM micro-
scopic image of the processed micropattern by three laser scans and electrolytic etching is
shown in Figure 9a. The morphology measured by the 3D optical profilometer is demon-
strated in Figure 9b. After electrolysis, the surface of the pattern is smoother, with sharper
corners and steeper and straighter height of the pattern. The etch depth at the shallowest
point is 11.56 pm, and the most profound etch depth is over 20 um.

Mehtghot (yusa)
sSSP BB N
N

Step Height Result

200 400 600 500 1000 1200 1400 1600 1500 11.5649 um
« (ym)

Figure 9. SEM image and 3D profile of the masked laser cavity: (a) SEM images of micro-machined
mask and non-masked area; (b) 3D contour image of the micro-machined mask and non-masked area.

Micro electrolysis experiments have shown that nanosecond pulsed lasers combined
with computer-aided mapping techniques can produce arbitrarily complex patterns. It can
also be used to produce a mask layer. The complexly shaped micro patterns with good
quality can be processed by freely selecting masked area and non-masked area. We chose
a set of parameters for the electrolytic processing experiments based on the temperature
intervals obtained from the simulation experiments and the results of the electrochemical
experiments, and obtained the expected results; however, the mechanism that produces
the corrosion resistance is not clear. It may be closely related to the temperature and
the uniform denseness of the mask, or it may be related to the change in the chemical
composition of the surface after ablation [32,33].
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6. Conclusions

A simulation model of a nanosecond pulsed laser moving surface heat source was been
developed in this paper, the temperature field under different laser processing parameters
was simulated, and a multi-factor simulation experiment was carried out. The effects of the
laser processing parameters on the temperature field are, in descending order, repetition
frequency, power, spot diameter, scan speed, and scan line spacing. The simulation results
also confirm that heat conduction is the heat transfer mechanism for nanosecond pulsed
ablation. After the nanosecond pulsed laser processing of 304 stainless steel, a protective
film with good corrosion resistance was produced on the sample surface when the power
was 5 W, the repetition frequency was 80 kHz, and the spot diameter was 50 um. Micro-
patterns with a certain etch depth were produced on the surface of 304 stainless steel in an
electrolytic cell with an electrolyte of 1.8 mol/L, a pulse voltage of 9.5 V, a pulse width of
50 ps, a scan gap of 220 um, and a scan speed of 200 um/s, which avoids the fabrication
of complex micro-electrodes. It was also demonstrated that nanosecond laser mask micro
electrolytic composite processing is a promising solution for micro machining.
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