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1. State of art of Laser Surface Texturing (LST)

7.1. What is Laser Surface Texturing?

In Materials Engineering there are different ways to add new functionality to a particular part. The
easy case is to change, before the design, the material to a better one, but usually also involves an
increase in the complexity of the production process, that increase the product’s price. If the using of
the parts requires special surface properties, one way is to apply a coating. In this case it is keep the
same base material and only in the outer layer is applied another material to ensure the desired
properties. In this situation it is necessary to introduce a special step in manufacturing, that still
requires expensive investment for implementation. Another way to modify the surface properties is
the texturing of the surface, keeping the base material unchanged, but only modifying the
microstructure of his surface. Texturing is a surface functionalisation process, through which the
structural architecture and roughness of the surface are changed, in order to give it properties not
previously possessed.

Texturing is not only an artificial functionalization technology, also having few examples of natural
microstructures [140]:

e gecko lizard (Lucasium Steindachneri) with hydrophobicity, low sand adhesion, antibacterial
and self-cleaning surface [125],

e honeybees’ hydrophobic wings that enable flying through fog and dew [64],

o |otus leaf with water-repellent properties that allow them to remain on the water surface if
sprayed [15],

e shark’s skin having drag reduction and hydrophobic properties, allowing them the rapid
swimming [16,135].

Different processes can be used to apply the artificial functionalization by texturing technology:

e ultrasonic grinding [13,16,40,131],

e plasma treatment [57,68,71],

e cutting [127],

e chemical etching [96,106],

e grinding [105],

e roll-imprinting [70],

¢ interference lithography [97],

e selective laser melting/sintering [49,79],

e laser surface texturing [2,5,8-10,16-26,30,32,35-39,41-48,50,55,57,59-61,63,65,67,74-
77,80-85,87-95,100-104,107-110,116,118,120,122,126,129-133,137].

All these factors justify the study of the subject Laser Surface Texturing, with 2926 publications
selected from the Web of Science Core Collection in the period 2017-2022 [141]. The structure of the
LSP publications in the last 5 years is presented in Figures 1.1-1.3, 36.8% of them being published in
Materials Science Multidisciplinary category, 88.17% of them being articles.
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Figure 1.1. Structure of the publications with LST subject selected from the Web of Science Core
Collection in the period 2017-2022, by categories [141].
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Figure 1.2. Structure of the publications with LST subject selected from the Web of Science Core
Collection in the period 2017-2022, by year [141].
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Figure 1.3. Structure of the publications with LST subject selected from the Web of Science Core
Collection in the period 2017-2022, by document type [141].
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1.2. Types of textures created using laser

Laser surface texturing (LST) is a useful method of generating patterns on the materials surfaces to
make microstructures. By LST it can remove material from the surface (by dissolving, evaporating,
expelling and/or melting) to modify the surface roughness, increasing the contact area, beneficial for
joining.

LST can be implemented on various categories of materials, such as metal (copper, titanium,
magnesium, aluminum and their alloys, cobalt-chromium alloys, stainless steel, etc.), polymers (PP,
PE, PLLA, PMMA, PEEK, etc.), ceramics (Al,0s, ZrO,, etc.) and composites (PP/fiberglass reinforced
aluminum, magnesium/PET alloy, AISI 304/PA6, SiC/SiC, C/SiC, etc.). Usually, the pattern can be
regular or irregular, in the form of grooves, dimples, bumps or other patterns [75].

The most used pattern designs [76] were dimple/hole/crater array [26,41,48,55,67,87,120,122,134],
parallel  lines  [2,34,35,39,47,61,65,81,97,104,115,129,137], meshed or cross-pattern
[5,39,87,104,108,137]. Outstanding pattern designs were rectangle [120], triangle [120], coral-rock
and star-like [49], ellipse [18], concentric circles [78], micropillars [81], Siberian-Cocklebur-like [32].

1.3. Processing parameters for LST

For task-specific applications, laser surface texturing (LST) is a method that allows, in terms of
performance, the surface improvement of an engineered material. [75].
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Figure 1.11. Difference between nanosecond pulse laser-material interactions (left) and femtosecond
pulse laser-material interactions (right) [23].

To obtain at the same time, the expected texture on the material surface and to reduce the possible
defects, it is of major importance to consider the following parameters: intensity of the laser, energy
per pulse, laser wavelength, frequency of the laser pulses, polarization, repetition number and rate,
focal distance, the angle of incidence, scanning speed, number of cycles, pulse overlapping, number of
overlapped scanning layers [23]. De Zanet A. et al. present in [23] the differences between
nanosecond and femtosecond pulse laser-material interactions for ceramics (Figure 1.11). The
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authors concluded that femtosecond-pulsed lasers, are most promising to achieve high-precision
textures on ceramics, due of the nearly absent adverse thermal effects near ablated area, [23].

1.4. Applications of LST

Laser surface texturing (LST) is a widely used method worldwide [74-77] for surface functionalization
[43,80,85,88], being used in various fields: medical implants [10,19,22,24,42,83,107], wettability
tuning [35,39,47,76,100,114], optical properties [95,97], tribological improvements [25,79,91],
increasing adhesion [16,57,96], heat exchangers [1], photovoltaics industry [9,44], painting [38],
cutting tools [31,112,113,136] and hybrid joining [4,6,7,11,74,79,84,90,92,94,97,102,118,123],

Hybrid joints among distinct materials, such as non-metals (ceramics and polymers) and metals
represent a broadly customizable approach used in aerospace [84], automotive industry [6,118],
industrial manufacturing [4,11], packing [97], household industries [92], as well as in biomedical
[123], aiming lightweight structures that are optimized in terms of production costs and strength
[84,90,102]. Microstructuring can be used as pre-treatment in laser processing, before joining
dissimilar materials, to achieve a better mechanical interlocking [11,94], to control the physical,
chemical and mechanical properties of hybrid joints [7].

1.5. Conclusions

Through processes used to functionalize surface of the materials is Laser Surface Texturing, because
is a useful method that can be easily implemented. Laser surface texturing can be applied to on
various types of materials by different lasers equipment, using from picosecond, femtosecond or
nanosecond laser sources or combinations of lasers, being sought the same results, in terms of
improving roughness, wettability and properties of the material surface. According to the laser source
and tuning the processing parameters, different shapes and dimension of the microstructures can be
obtained.

The most used laser equipment are nanosecond pulsed, conditioned on the part of economic view,
and on the other hand by industrial requirements, even if the femtosecond, picosecond lasers
equipment are promising to achieve a higher precision, due to nearly absent adverse thermal effects
near ablated area. Nanosecond laser source favours melting processes, the resulting structures being
dominated by molten and resolidified material and usually larger by an order of magnitude than
femtosecond laser microstructuring.

Applications of surface texturing is wide, but LST with a nanosecond pulsed laser can be founded in
tribological applications, improving corrosion resistance, hybrid joining (metal-polymer), to reveal
hydrophobic/super hydrophobic behaviour, biomedical materials and applications (improve
osteoblastic bond of human stem cells, implantation of stem cells in biopolymers, dentistry and
orthodontics.
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2. Objectives of the Thesis

Analysing the conclusions of the previous chapter and industrial requirements, the objectives of the
present research are:

e Making laser surface textures using a cheap industrial nanosecond pulsed laser to apply the
results directly to industry. This objective was proposed by the industrial partner, in order to
satisfy his future projects, related to the improvement of the products and the cheapening of
the technological process.

e Microstructuring of closed loop grooves, resulted from the study of the scientific literature
and the practical internship at the industrial partner. The problem of closed contours is the
coincidence between the ending and the starting point, especially in the case of repeated
passes.

e Determining the influence of LST design and processing parameters on surface architecture,
roughness and wetting behaviour. As some of the textured models, in particular the
dimple/hole/crater array, present difficulties in terms of morphological analysis, there are
defined the characteristics in terms of morphological analysis to ensure reliable results.

e Providing recommendations for industrial companies that intend to implement this process in
production and for designers who wish to propose medical implants, household appliances
and cutting tools. By choosing the right pattern and processing parameters can be obtained
surface roughness tailoring, wettability tuning, hybrid joining, changing optical properties and
increasing adhesion.

The major requirement, in terms of surface functionalization through the LST process, is the
accumulation of all possible benefits with a single process, low cost and high process speed.
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3. Materials and methods

3.1. Materials

The material selected for Laser Surface Texturing (LST) is a ferritic stainless steel (AISI 430, EN
1.4016, equivalent with X6Cr17, ISO/TS 15510:2003), provided by Acerinox company from Madrid,
Spain under the name ACX 500. This grade 430 ferritic stainless steel as the base alloy of the ferritic
group, is conveniently available in coil and sheet (up to 1.2 mm thick) most usually in 2B (moderately
reflective) or BA (bright annealed) finishes.

Table 3.1. Chemical composition, mechanical and physical properties of AISI 430 stainless steel,
according to ASTM A-240 and EN 10088-2:2005.

Classes of properties Chemical element Concentration (%)

Chemical composition Carbon < 0.080
Manganese <1.00
Silicon <1.00
Sulphur <0.015
Phosphorous < 0.040
Chromium 16.00-18.00
Nitrogen =< 0.045

Properties Unit measure

Mechanical properties Tensile strength 450-600 MPa
Proof stress 0.2% min. 260 MPa
Elongation min. 22%
Hardness max. 89 HRB

Physical properties Modulus of tension 200 GPa
elasticity torsion 65 GPa
Density 7800 kg/m?
Melting point range 1425-1510°C
Thermal expansion 10.4x10°° /K
Specific heat capacity 460 J/kgK
Thermal at100°C 26.1 W/mK
conductivity  at500°C 26.3 W/mK
Electrical resistivity 600 nym
Mean 0-100°C 10.4 pm/mK
coefficient 0-315°C 11.0 pm/mK
of thermal 0-540°C 11.4 pm/mK
expansion 0-700°C 12.1 pm/mK
Relative permeability Ferromagnetic

Because of the surface finish (BA quality), the AISI 430 samples are highly reflective, before enforcing
any work onto the foreground of the ferritic stainless steel, an analysis of spectral reflectivity was
done. A GTF spectrophotometer (Photonic Technologies Group, Woking, UK) was used to analyse the
spectral reflectivity of the material sample before applying the LST.

6



Summary of PhD thesis Edit Roxana Moldovan

(b)

Figure 3.3. (a) Spectrophotometer calibration spectrum; (b) spectrophotometer of AISI 430 ferritic
stainless steel.

Spectral reflectance (Figure 3.4.) indicates the quantity of the incident laser radiation, what is
reflected and what is absorbed, by the surface of the material analysed. The spectrophotometric
analysis offers the possibility to save the measurement results (thus resulting in the Figure 3.3.b-
capture of the screen of the processing equipment), showing the same trend for the results, obtained
in terms of the chart analysis of stainless steel (Figure 3.4.).
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Figure 3.4. Spectral reflectance of sample AISI 430 ferritic stainless steel and wavelength of TruMark
5020 source.

3.2. Processes
3.2.1. Surface micro texturing technology and equipment

Due to integrated PC-aided design software (AutoCAD), integrated in the laser equipment, a large
variety of designs can be carried out. To new patterns design this study addresses e.g., 3x concentric
octagonal donuts (design type A), two ellipses at an angle of 45° overlapping with its mirror (design
type B) and dimple/hole/crater array (design type C). Samples were cut from a large sheet with the
dimensions of 80 x 25 x 0.5 [mm]. Previous to laser processing, the samples have been cleaned with
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Isopropanol (solution 2-Propanol, with 60 g/mol, molecular weight) for cleaning and degreasing the

samples.

Table 3.2. Schematic representation of the patterns design types selected for microtexturing.
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An edge distance was considered, in order to be allowed the use of clamping tools in joining dissimilar
materials and, because it's not recommended to create a welding beam on the edge of the ferritic
stainless steel because of the fragile predisposition characteristics in the thermally influenced area.
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Figure 3.5. Representation of laser spot overlapping 0 % (a), 50% (b) and 90% (c).
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Spot overlapping is another important aspect in LST (Figure 3.5). It was observed that overlapping >
90 % will behave and form a continuous dent, like a seam weld. For this reason, is imposed the
distance between the laser spot centers of 10 pm (just in the case of design type A and B), resulted
from the ratio of speed to frequency. For design type C (with no overlapping) the distance of the laser
spot centers is 500 pm. The heat generated via the laser must diffuse efficaciously, while the heat
captured in the influenced area must lead to a higher depth while the affected area must be lowered.

The micro texturing was achieved with the help of nanosecond pulsed laser TruMark 5020 (Trumpf
Laser und Systemtechnik GmbH, Ditzingen, Germany) equipment, regularly used for marking in
industry. Throughout the experiments, the constant parameters were: impulse per point, the laser
power, spot diameter, focal distance, power density and the variable parameters were: speed,
repetition rate (frequency), number of repetitions, pulse width, presented in Table 3.4.-Repeatability
was setup, from 1 repetition, up to a maximum of 20 repetitions, for octagonal and ellipse patterns,
and maximum 15 repetitions for dimple/hole/crater array pattern. The maximum range of repetitions
was selected after observing the intensity of the splashes and burrs. Growing the amount of expulsed
material will grow the heat affected area and the recast material.

Table 3.3. Laser marking system TruMark 5020, Trumpf [144].

Property Value
Active medium Nd: Fiber Diode-pumped
Diameter of rotary table 600 mm
Travel length Z - axis 265 mm

Z - axis 1 m/min

A-axis | 22.5rpm

Wavelength 1064 nm

Average power s20W

Power consumption < 0.6 kW

Beam quality M?~ 2

Min. diameter in the focal distance ~110 pm

Marking area 180 x 180 mm

Focal distance 254 mm

Pulse frequency 5 — 1000 kHz

Pulse duration 9-200 ns

Spot diameter 100 pm (Focal distance=254 mm)

The laser density profile was investigated prior the laser processing to ensure that proper laser
absorption into material will be obtained. The intensity distribution profile (Figure 3.7.) of the laser
radiation on the surface plane can be described as Gaussian, which provide an image on the future
groove's shape. During the laser beam - surface interactions, a high intensity plasma surrounded by
an electron charged field is formed which leads to material melting - recasting phenomena and even,
to delamination of the surface layer. The Figure 3.8. shows an almost perfect outcome for laser
beam, perfect beam and real beam are almost identical.
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Figure 3.7. Intensity distribution profile of laser  Figure 3.8. Beam simulation of TruMark 5020 laser
beam and range spot for TruMark 5020 equipment.
equipment.

Considering the economic demands in industrial applications, the equipment for laser surface
texturing had requirements for an easy automation and high flow rate, setting up the use of a
nanosecond pulsed laser in the detriment of the picosecond or femtosecond laser. To gain a 99%

overlap, it is essential to maintain a frequency-velocity relationship (relation 3.1 [99]), where the
speed is direct proportional to frequency:

108

(1)
S — 100
(15w f 3

where: 5= speed [mm/min], Os = overlap of the spot, d= spot diameter [mm], /= frequency [Hz], w
= pulse width [ms].

Table 3.4. Constant and variable parameters for applied laser surface texturing pattern on AISI 430
stainless steel.

Constant parameters Unit measure Value
Power [W] 20
Spot diameter [pm] 100
Power density [W/cm?] 2.55x10°
Impulses per point [number] 1
Track width of the spot [mm] 0.5
Overlap of the spot [%] 99
Defocus [mm] 0
Hatch [mm] 2.25 (design type A)
2 (design type B)
0.5 (design type C)
Focal distance [mm] 254
Variable parameters
Frequency [kHz] 30-100
Speed [mm/s] 300-1000
Pulse width [ns] 170-50
No. of repetitions [number] 1/5/10/15/20

10
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The number of spots implemented has to assure the successful quality of micro texturing. An
important segment was to acquire a great repeatability, due to the identical trajectory for the speed
and frequency used. Repeatability changed into selected randomly, begin with one pass, then each 5
repetitions up to a maximum of 20 repetitions (design type A and B) and 15 repetitions (design type
C). The highest number of repetitions was selected due to the growth of the splashes and burrs.
Increasing the quantity of expulsed material will increase the influenced heat affected area and
quantity of the recast material.

Different ranges of parameters (number of repetitions, speed, frequency) have been carried out, but
have been hold correlated. Among the results, can be distinguished the evolution of the fluence (ratio
of laser pulse energy and surface area), pulse width (time measured at pulse full width half
maximum), and pulse energy (Figure 3.9.a.). A pulse energy higher than 400 pJ (frequency from 30 to
50 kHz) occurs at 20 W constant mean power, with 3.8 kW pulsed peak power. For the variety of
frequency range used (30-100 kHz), fluence decreases in the 8.49 to 2.55 J/cm? domain. This
emphasizes a decreasing path for the ablation rate with the increasing of frequency, which means
less material is removed from the surface of the micro textured material whilst the frequency
increases.
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Figure 3.9. Pulse width (a), pulse energy (b) and fluence (c) engendered by frequency.

The time cycle refers to a single sequence of repetition, decreasing with increasing frequency (Figure
3.10.). The time cycle is an important parameter, as it can indicate the time required to perform
micro-texturing. The importance comes from the influence on the capacity and volume of production
that can be achieved, thus being able to influence the automation of the LST process.
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Figure 3.10. Cycle time depending on frequency. Figure 3.11. Spots density on speed direction
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Figure 3.11. represented the spots number per cm? by means of speed axis. The speed direction is the
course of direct laser texturing process, and the hatch direction is the space among the center to
center of the micro texture pattern applied. The spots number may render a decisive factor for
defining the essential resolution and for the desired purpose in micro texturing. The range of spots on
the hatch path is constant, different for each type of pattern. In the case of speed direction, the
variety for the spots numbers is reduced while the speed increases.

3.2.3. Samples preparation

The cutting of stainless steel AISI 430 ferritic has been performed with the help of Struers Accutom
505 equipment, using an abrasive disc Corundum Cut-off wheel (arbor size 12,7 mm). After cutting
the micro textured samples, an encapsulation in epoxy resin was prepared using a polyester resin
(from Gilca, Zaragoza, Spain) and hardener (MEK peroxide-Ketanox, from Gilca, Zaragoza, Spain).

After the polishing procedure, to develop the microstructure and grains, was used as chemical
etchant (Vilella — specific reagent for metallographic analysis on ferritic stainless steel and stainless
steel products). The composition of the chemical etchant is 45 ml Glycerol, 30 ml Hydrochloric Acid
and 15 ml Nitric Acid. The etching time recommended is 10 seconds. The interruption of etching is by
placing the sample under running water and tamponade with a clean cotton material until it dries.

3.3. Characterization technigues and equipment
3.3.1. Morphological analysis

The microscope analysis for top view images 2D and 3D topographic images was performed with an
optical microscope upright Olympus BX35 (Olympus Europa Holding GMBH, Germany) and the
images have been captured with the help of the camera acquisition Olympus DP73 and a halogen
lamp power supply unit Olympus TH4 for brightness control. The images were aquired with the help
of a multiport mount adapter and transmitted through a HDMI cable to PC. The program software
used was Olympus Stream Motion. The microscope analysis for sectional images and measurements
was performed with an optical microscope high-quality phase contrast Leica (Leica Microsystems,
Switzerland, Ltd, model DMIL M LED). The images were captured with the help of a camera
acquisition integrated in the equipment (Leica Microsystems CH-9435 Heerbrugg, Singapore), a
compact illumination unit precentered light emitting diode (LH 113 LED, 12V, Germany) and software
Leica Application Suite version 4.10.0.

The microstructuring is performed due to the laser beam local ablation of the material, generating
grooves with a certain depth and width, as a function of the operational parameters. Also, near the
groove, a part of the ablated material can be deposited as recast material dimples (Figure 3.19). For
each sample was measured the height of the recast material (deposited at the edges of the hollow),
the width of the crevasse, depth and area of the hollow.
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Figure 3.19. Geometry charcaterization (height, width, depth and area) of microstructures on ferritic
stainless steel AISI 430.

3.3.2. SEM+EDX analysis

The surface morphology of the samples was investigated by scanning electron microscopy (SEM FEI
Quanta 200 3D Dual beam, equipped with energy-dispersive X-ray spectroscopy analysis unit-X flash
Bruker, USA). The working distance is set-up at 15 mm in low vacuum mode, with a spot size 5, high
voltage (20kV) and detector LFD (Large Field Detector).

3.3.3. Roughness analysis

The equipment selected for the high accuracy measurement of surface roughness is the roughness
tester type ISR-C100 (Insize Co, Suzhou New District, China). The measured parameters of surface
roughness were: R, R, and R: [138,139], according to EN I1SO 4287 and EN ISO 16610-21. The
measuring and data collecting was done by using the PreSurf 1.0 (Presurf Enterprise) software
program.

3.3.4. Wettability analysis

The testing method is known as ‘static’ or even ‘sessile drop’, since on many surfaces the droplet
remains static and in equilibrium with the material surface and air, according to ISO/TS 14778:2021.
When the liquid droplet spreads (is wetted a large area of the surface) means that the static contact
angle (SCA) is lower than 90°, resulting a hydrophilic surface. When the angle is higher than 90
degrees, the surface is considered hydrophobic or super hydrophobic. The purpose of the wettability
analysis is to observe whether the micro textured surface has a low surface energy and unitary
structures. The droplets of the distilled water that were placed on the laser micro textured surfaces
with the micropipette to determine the contact angle analyses have a volume of 10 pL. For better
accuracy, the procedure was repeated for three times, each micro textured sample and the result are
the average of the measurements. While measuring the static contact angle of the laser micro
textured surface of the ferritic stainless steel, the video length duration was set for 15 s. The frame
was set-up for every second. That means, the results are for the average static contact angle of the
measurement for every 15 frames. The equipment used for wettability testing was Ossila CA
Goniometer.

13
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4. Morphological analysis of Laser Surface Structuring of AISI 430 Stainless Steel

4.1. Optical microscopy

The top optical micrographs were used to verify the quality on texturing. The cross-section optical
micrographs were used to measure the height of the recast material deposited on/near the groove
edges (where applicable), width, depth, and area of the groove. The results are the average of five
measurements (minimum) of different hollows on the same sample. All the measurements are
according to Figure 3.19.

4.1.1. Design type A, octagonal donuts pattern

In the Figure 4.1. are presented image detail of the micro texture, microscopic images, 3D topographic
map and cross-section optical micrograph of the sample A (speed 300 mm/s, frequency 30 kHz, no.
of repetition 1, pulse duration 170 ns). The measurements with optical microscope on the cross-
section images achieved are: average area of 227.17 pm?, with 7.02 pm depth and 47.73 pm width.
The recast material on the left side has an area of 79.13 pm?with 5.23 pm height. The right side has

an area of 74.09 pym?and 5.99 pm height.

200 pm

Figure 4.1. Image detail (a), microscopic images (b, c), 3D topographic image (d) and cross-section view
(e) of LST design type A, (f) measurements, frequency 30 kHz, speed 300 mm/s, no. of repetition 1.

In the Figure 4.2. is presented the image detail of the micro texture applied, microscopic images and
cross-section optical micrograph of the sample A (speed 300 mm/s, frequency 30 kHz, no. of
repetition 5, pulse duration 170 ns). The measurements with the optical microscope on the cross-
section images achieved offers an average area of 334.58 pm? with 9.98 pm depth and 48.70 pm
width. The recast material on the left side has an area of 71.01 pm? with 5.59 pm height. The right
side has an area of 39.13pm? and 3.28 pm height.
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(d)
Figure 4.2. Image detail (a), microscopic images (b, c) and cross-section view (d) of LST design type A,
frequency 30 kHz, speed 300 mm/s, no. of repetition 5.

When the number of repetitions increases up to 10, can be outlined how thermally area increases,
too, up to half the distance between the center of micro patterns. In Figure 4.3.c. a green area
appears, which appears to be chromium oxide. In Figure 4.3.d., microscopic cross-section view, the
direction of the tilt angle (3°) of the laser beam can be distinguished. One of the edge hollow sides
has more recast material.

¢ @

(d) (e)
Figure 4.3. Image detail (a), microscopic images (b, c) and cross-section view (d) of LST design type A,
(e) measurements, frequency 30 kHz, speed 300 mm/s, no. of repetition 10.
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In the Figure 4.4. is presented the sample A (speed 300 mm/s, frequency 30 kHz, no. of repetition 15,
pulse duration 170 ns). The measurements with the optical microscope on the cross-section images
achieved offers an average area of 499.06 pm?, with 19.53 pm depth and 40.29 pm width. The recast
material on the left side has an area of 75.57 pm? with 5.526 pm height. The right side has an area of
187.73 pm?and 9.12 pm height.

S

(d)

Figure 4.4. Image detail (a), microscopic images (b, c) and cross-section view (d) of LST design type A,
frequency 30 kHz, speed 300 mm/s, no. of repetition 15.

In the Figure 4.5. is presented the sample A (speed 300 mm/s, frequency 30 kHz, no. of repetition 20,
pulse duration 170 ns). The measurements with the optical microscope on the cross-section images
achieved offers an average area of 379.43 pm?, with 13.46 pm depth and 43.65 pm width. The recast
material on the left side has an area of 158.18 pm? with 11.63 pm height. The right side has an area
of 138.28 pm? and 8.20 pm height.

() (b) (c) (d)

Figure 4.5. Image detail (a), microscopic images (b, c) and 3D topographic image of LST design type A,
frequency 30 kHz, speed 300 mm/s, no. of repetition 20.

While increasing the speed and frequency, can be barely seen a micro texture on image detail of the
sample. The microscopic images offer information regarding HAZ, which is almost completely
missing, splashes, which are missing and about the slight irregularity of micro texture regarding
linearity.
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o (d)

(a)
Figure 4.13. Image detail (a), microscopic images (b, c) and 3D topographic image of LST design type
A, frequency 50 kHz, speed 500 mm/s, no. of repetition 1.

When the repetitions number increases to 20, compared to a repetition, a totally different overall
picture can be distinguished with the evidence of a well-defined thermally affected area.

® o (d)
Figure 4.14. Image detail (a), microscopic images (b, c) and 3D topographic image of LST design type
A, frequency 50 kHz, speed 500 mm/s, no. of repetition 20.

According to Figure 4.23 the area and depth of the microstructure increases until 15 repetitions of
microstructuring. With the increase in repetition, the recast material elevation increases as well. Also,
inversely proportional to the number of repetitions, the width of the groove tends to decrease. This
tendency occurs because in the case of increased repetition the expelled material can no longer reach
the surface of the workpiece as recast material, and instead will be deposited on the walls of the
hollow narrowing the width of the groove. The deposited recast material is influenced by the laser
beam angle alignment, resulting in one part of the recast material to be larger than the other side,
depending on the laser beam direction.

Design type A
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Figure 4.23. Geometry characterization of hollow and recast material after LST for octagonal donuts
pattern (design type A).

17



Summary of PhD thesis Edit Roxana Moldovan

4.1.2. Design type B, ellipses at 90° pattern

In the case of type B design the grooves are wider and shallower than for the other two designs. This
is a consequence of the expelled material that has been deposited inside the groove at a lower
position than in design type A. The results indicate an increase in width with the scanning speed
increasing, while the recast material elevation and area of depth displaying a relatively constant
tendency.

[ o

(b)

Figure 4.24. Microscopic image (a) and 3D topographic image (b) of LST design type B, frequency 30
kHz, speed 300 mm/s, no. of repetition 1.

In the Figure 4.25 is presented microscopic images and 3D optical map micrograph of the sample B
(speed 300 mm/s, frequency 30 kHz, no. of repetition 10, pulse duration 170 ns).

200 pixel

(a) (b) (c)

Figure 4.25. Microscopic image (a, b) and 3D topographic image (c) of LST design type B, frequency 30
kHz, speed 300 mm/s, no. of repetition 10.

In the Figure 4.26. is presented microscopic images and 3D optical map micrograph of the sample B
(speed 300 mm/s, frequency 30 kHz, no. of repetition 15, pulse duration 170 ns). The measurements
with the optical microscope on the cross-section images achieved offers an average area of 1556.35
pm?, with 54.94 pm depth and 28.31 pm width. The recast material on the left side has 8.03 pm
height and the right side has 20.62 pm height. Splashes appear asymmetrically due to inclination of
the laser beam.

200 pixel

(a) (b) (c)

Figure 4.26. Microscopic image (a, b) and 3D topographic image (c) of LST design type B, frequency 30
kHz, speed 300 mm/s, no. of repetition 15.
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In the Figure 4.27. is presented microscopic image and 3D optical map micrograph of the sample B
(speed 300 mm/s, frequency 30 kHz, no. of repetition 20, pulse duration 170 ns). The measurements
with the optical microscope on the cross-section images achieved offers an average area of 2539.36
pm?, with 43.82 pm depth and 57.95 pm width. The recast material on the left side has 18.07 pm
height and the right side has 22. ight.

-

Lpmh

200 pixel

(@) (b)
Figure 4.27. Microscopic image (a) and 3D topographic image (b) of LST design type B, frequency 30
kHz, speed 300 mm/s, no. of repetition 20.

In the Figure 4.28.c. is highlighted the phenomenon of the imperfect trajectory of the geometrical
pattern and the beginning and the end of LST process being decentered, the loop closure defect.

-
X
&

100 pm 200 pixel

(d)

Figure 4.28. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 35 kHz, speed 350 mm/s, no. of repetition 1.
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200 pixel

(a) (b) (c) (d)

Figure 4.29. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 35 kHz, speed 350 mm/s, no. of repetition 5.

2

200 pixel

(a) (b) (c) (d)

Figure 4.30. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 35 kHz, speed 350 mm/s, no. of repetition 10.
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From the Figure 4.31 can be visible the overlap surface of the two ellipses, creating a higher
influenced HAZ. No splashes can be seen for this pattern.

200 pixel

(a) (b) (c) (d)

Figure 4.31. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 35 kHz, speed 350 mm/s, no. of repetition 15.

|

200 pixel |

(@) (d)

Figure 4.32. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design

type B, frequency 35 kHz, speed 350 mm/s, no. of repetition 20.

It becomes clearer and more evident whit the increase of speed and frequency that this pattern
offers an imperfect trajectory (Figure 4.33.b.).

Tooum 200 pixel

(a) (b) (c) (d)

Figure 4.33. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 40 kHz, speed 400 mm/s, no. of repetition 1.

7

200 pixel

(@) (b) (c) (d)

Figure 4.34. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 40 kHz, speed 400 mm/s, no. of repetition 5.

In the Figure 4.37 is presented image detail of micro texturing pattern, microscopic images and 3D
optical map micrograph of the sample B (speed 400 mm/s, frequency 40 kHz, no. of repetition 20,
pulse duration 120 ns). The measurements with the optical microscope on the cross-section images
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achieved offers 39.86 pm depth and 63.97 pm width. The recast material on the left side has 17.61
pm height and the right side has 20.66 pm height.

200 pixel

(a) (b) (c) (d)

Figure 4.37. Image detail (a), microscopic images (b, c) and 3D topographic image (d) of LST design
type B, frequency 40 kHz, speed 400 mm/s, no. of repetition 20.

In the Figure 4.45 is presented image detail of micro texturing pattern and microscopic images of the
sample B (speed 500 mm/s, frequency 50 kHz, no. of repetition 10, pulse duration 90 ns). The
measurements with the optical microscope on the cross-section images achieved offers 38.01 pm
depth and 64.42 pm width. The recast material on the left side has 16.75 pm height and the right
side has 20.6

2 pm height.

(a)
Figure 4.45. Image detail (@) and microscopic images (b, c) of LST design type B, frequency 50 kHz,

speed 500 mm/s, no. of repetition 10.

With increased speed and frequency, for a single pass, it becomes difficult to highlight the micro-
textured pattern (Figure 4.54.) and as the number of repetitions increases, the width of the micro
texture decreases (Figure 4.55.).

(@) (b) ()

Figure 4.54. Image detail () and microscopic images (b, c) of LST design type B, frequency 65 kHz,
speed 650 mm/s, no. of repetition 5.
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(a) (b) (c)

Figure 4.55. Image detail (@) and microscopic images (b, c) of LST design type B, frequency 65 kHz,
speed 650 mm/s, no. of repetition 10.

In Figure 4.68 the results indicate an increase in width with the scanning speed increasing, while the
recast material elevation and area of depth displaying a relatively constant tendency. The parameter
width for upward trend stops at 400 mm/s speed, 40 kHz frequency and 20 no. of repetitions. After
this parameter, the tendency is to decrease. Not same trend can by say about elevation area on the
left and right side (recast material), and area. The area is influenced by the depth of the hollow in a
fluctuation trend (low/high).
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Figure 4.68. Geometry characterization of hollow and recast material after LST for ellipses at 90°
pattern (design type B).

4.1.3. Design type C, dimple/hole/crater array pattern

In the case of design type the lack of elevation of the recast material can be noticed. Due to this fact,
the elevation’s height is missing. With the increase in speed, depth, width, an area decreasing has
been remarked. The large number of splashes near the outline of the crater can be noticed (Figure
4.69).
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Figure 4.69. Image detail () and microscopic images (b, ¢, d) and 3D topographic image (e) of LST
design type C, frequency 30 kHz, speed 300 mm/s, no. of repetition 1.

In the Figure 4.70. are presented the image detail of the micro texture applied and microscopic
images of the sample C (speed 300 mm/s, frequency 30 kHz, no. of repetition 5, pulse duration 170
ns). The measurements with the optical microscope on the cross-section images achieved offers an
average area of 18,237.98 pm? with 126.82 pm depth and 143.81 pm width. There is no recast
material on the edges of the crevasse.

@ )
Figure 4.70. Image detail (@) and microscopic images (b, c) of LST design type C, frequency 30 kHz,

speed 300 mm/s, no. of repetition 5.
In the Figure 4.71 are presented the image detail of the micro texture applied, microscopic images
and cross-section optical micrograph of the sample C (speed 300 mm/s, frequency 30 kHz, no. of
repetition 10, pulse duration 170 ns). The measurements with the optical microscope on the cross-
section images achieved offers an average area of 3807.80 pm?, with 127.64 pm depth and 156.65
pm width. There is no recast material on the edges of the crevasse. From the cross-section
microscope image can be observed the lack of the recast material (Figure 4.71.e).
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®
Figure 4.71. Image detail (a), microscopic images (b, c, d) and cross-section (e) of LST design type C, (f)
measurements, frequency 30 kHz, speed 300 mm/s, no. of repetition 10.

In the Figure 4.72 are presented the image detail of the micro texture applied, microscopic images
and cross-section optical micrograph of the sample C (speed 300 mm/s, frequency 30 kHz, no. of
repetition 15, pulse duration 170 ns). The measurements with the optical microscope on the cross-
section images achieved offers an average area of 3428.54 pm?, with 157.34 pm depth and 124.95
pm width. There is no recast material on the edges of the crevasse (Figure 4.72.e).

\

(c) (d)
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Figure 4.72. Image detail (a), microscopic images (b, c, d) of LST design type C, frequency 30 kHz,
speed 300 mm/s, no. of repetition 15.

With increased speed, frequency, and number of repetitions the HAZ becomes larger and more
pronounced. The splashes are no longer so obvious as at a lower frequency and a lower number of
repetitions, which may mean that they are no longer close to the edges of the hollow, in the
thermally affected area. There is a possibility that the splashes from a micro textured point to be

displaced to another point, or worse to be displaced in neighbour hollow, creating erroneous values of
crevice depth.
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Figure 4.84. Image detail (a), microscopic images (b, ¢, d) of LST design type C, frequency 45 kHz,
speed 450 mm/s, no. of repetition 15.
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Figure 4.85. Image detail (a), microscopic images (b, c, d) of LST design type C, frequency 50 kHz,
speed 500 mm/s, no. of repetition 1.
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Figure 4.86. Image detail (a), microscopic images (b, c, d) of LST design type C, frequency 50 kHz,
speed 500 mm/s, no. of repetition 5.
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With increased speed, frequency, and number of repetitions the HAZ becomes larger and more
pronounced. The splashes are no longer so obvious as at a lower frequency and a lower number of
repetitions, which may mean that they are no longer close to the edges of the hollow, in the
thermally affected area. There is a possibility that the splashes from a micro textured point to be
displaced to another point, or worse to be displaced in neighbour hollow, creating erroneous values of
crevice depth.

In the Figure 4.87 are presented the image detail of the micro texture applied and microscopic images
of the sample C (speed 500 mm/s, frequency 50 kHz, no. of repetition 15, pulse duration 90 ns). The
measurements with the optical microscope on the cross-section images achieved offers an average
area of 2608.70 pm?, with 48.39 pm depth and 110.75 pm width. There is no recast material on the
edges of the crevasse.

(@) (b) (c) (d)

Figure 4.87. Image detail (a), microscopic images (b, c, d) of LST design type C, frequency 50 kHz,
speed 500 mm/s, no. of repetition 10.

In the Figure 4.89 are presented the image detail of the micro texture applied, microscopic images
and cross-section optical micrograph of the sample C (speed 600 mm/s, frequency 60 kHz, no. of
repetition 1, pulse duration 80 ns). The measurements with the optical microscope on the cross-
section images achieved offers an average area of 2608.70 pm?, with 48.39 pm depth and 110.75
pm width. There is no recast material on the edges of the crevasse.

(d) (e) (f)

Figure 4.89. Image detail (@) and microscopic images (b, ¢, d), 3D topographic image (e) and cross-

section view (f) of LST design type C, frequency 60 kHz, speed 600 mm/s, no. of repetition 1.

In the case of design type C the lack of elevation of the recast material can be noticed. Due to this
fact, the elevation’s height is missing from Figure 4.104. With the increase in speed, depth, width and
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area decreasing has been remarked. The best outcome is for a minimum 10 number of repetitions,
but with increasing frequency and speed, a decreasing trend is created among the results of
measurements of micro textures.
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Figure 4.104. Geometry characterization of hollow after LST for dimple/hole/crater array pattern
(design type C).

4.2. Scanning electronic microscopy
4.2.1. Octagonal donuts micro texturing pattern design A

From the top view images (Figure 4.105), acquired with scanning electron microscopy, it can be
observed a difference in size of the heat affected zone and recast material (right side is larger),
caused by angle of laser beam (3° to the left). In the right view of Figure 4.105 it can be noticed the
continuous groove (successive contours), similar to the seam weld due to the 99% overlapping of the
laser spot.

1mm

Figure 4.105. Top view SEM images of octagonal donuts shape (design type A) of LST,
frequency 30 kHz, speed 300 mm/s and no. of repetition 10.
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Another observation can be made regarding the splashes (Figures 4.105-4.107). When the frequency
and speed are increased, the expulsed material is exceeding the edges of the groove in the form of

splashes and not in the form of recast material.

Figure 4.106. Cross-section SEM images of octagonal donuts shape (design type A) of LST, frequency
30 kHz, speed 300 mm/s and no. of repetition 10.

(c)
Figure 4.107. Cross-section SEM images of octagonal donuts shape (design type A) of LST, frequency
40 kHz, speed 400 mm/s and no. of repetition 10.

4.2.2. Ellipses at 90° micro texturing pattern design B

In the ellipse pattern case, can be observed more splashes and a lower deposition as recast material
(Figure 4.108). The recast material is higher on a side than the other, same ground as presented for

previous pattern (angle of the laser beam axis).
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Figure 4.108. Top view SEM images of ellipses at 90° shape (design type B) of LST, frequency 30 kHz,
speed 300 mm/s and no. of repetition 10.

(a) | (b)

(c)
Figure 4.109. Cross-section SEM images of ellipses at 90° shape (design type B) of LST, frequency 30
kHz, speed 300 mm/s and no. of repetition 10.

4.2.3. Dimple/hole/crater array micro texturing pattern design C

For crater array pattern is outlined a very low recast material and, in many cases, completely missing
(Figures 4.110-4.111).

Figure 4.110. Top view SEM images of crater array shape (design type C) of LST, frequency 30 kHz,
speed 300 mm/s and no. of repetition 10.
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Figure 4.111. Cross-section SEM images of crater array (design type C) of LST, frequency 30 kHz,

speed 300 mm/s and no. of repetition 10.

One can notice the keyhole shape of the crater array shape (design type C) (Figures 4.111 and 4.116),

different from that of V grooves of the designs type A and type B. This keyhole shape is specific to

laser welding, as described in [27,111].

4.3. EDX analysis

4.3.1. Octagonal donuts micro texturing pattern design A

The EDX (Energy Dispersive X-Ray) elemental analysis display a low variation (from recast material to
the deepest point of the hollow and to heat affected zone) of the elements regarding the weight and
atomic percentage. The elemental analysis shows a zero-weight percentage for oxygen, which does

not apply for the ellipse and crater array patterns.

Table 4.1. EDX elemental analysis of micro textured design octagonal donuts shape (design type A).

Element Iron Chromium Carbon
Point weight% atomic% weight% atomic% weight% atomic%
oin
1 70.58 42.78 11.85 7.72 17.57 495
2 72.24 47.16 13.47 9.44 14.29 43.39
3 65.55 35.72 11.82 6.92 22.64 57.36
4 70.54 44.69 13.90 9.46 15.56 45.85

Elemental analysis of octagonal micro structuring, cross-sectional images (Figure 4.112) show a

uniform spread outside the hollow area, excepting carbon also present in the cavity wall area. Figure

4,113 shows the main elements on the EDX spectrum (Cr, Fe, C).
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(c) (d)

Figure 4.112. EDX elemental analysis of micro textured design octagonal donuts shape (design type
A) image of measurement points (a) and elemental mapping images (b-C, c-Cr, d-Fe).
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Figure 4.113. EDX spectrum of micro textured design octagonal donuts shape (design type A).

4.3.2. Ellipses at 90° micro texturing pattern design B

For ellipse pattern, a difference is the appearance of oxygen for the measurement point 2 and 3,
meaning the absence of the oxygen element in the recast material and heat affected zone (Table 4.2).
When oxygen is part of the measurement point is observed a decreasing of iron and chromium and
carbon increasing.

Table 4.2. EDX elemental analysis of micro textured design ellipses at 90° shape (design type B).

Element Iron Chromium Carbon Oxygen
weight atomic weight atomic weight atomic weight atomic
Point % % % % % % % %
1 7522 5418 1443 1116 1035 3466 - -
2 57.79 2861 1212 6.45 2256 5193 753 13.01
3 5898 29.16 10.70 5.68 2241 5151 791 13.65
4 76,52 5735 1462 1176 886 3088 - -
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The carbon is spread just where is the cavity (see the cross-section images of EDX analysis from
Figure 4.114) and the other elements (Cr, Fr and O) spreading is wide.

(e)
Figure 4.114. EDX elemental analysis of micro textured design ellipses at 90° shape (design type B)

image of measurement points (a) and elemental mapping images (b-C, c-Cr, d-Fe, e-0).

Figure 4.115 shows the main elements on the EDX spectrum (Cr, O, Fe, C).
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Figure 4.115. EDX spectrum of micro textured design ellipses at 90° shape (design type B).
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4.3.3. Dimple/hole/crater array micro texturing pattern design C

The crater array model required more EDX measurement points due to the larger gaps created by the
LST (Table 4.3). The same result, as the ellipse model, is for the carbon element (only in the cavity
area). The highest percentage by weight of carbon is at the bottom of the crater (Figure 4.116), and
the lowest percentage by weight is in the area affected by heat. Oxygen is less widespread than in
previous models (donuts and octagonal ellipses).

Table 4.3. EDX elemental analysis of micro textured design crater array shape (design type C).

Element Iron Chromium Carbon Oxygen
weight atomic weight atomic weight atomic weight atomic

Point % % % % % % % %

1 76.42 56.67 1433 1141 9.26 3192 - -

2 7841 6250 1492 1277 6.67 2473 - -

3 7210 4798 13.61 9.73 11.79 3647 250 5.82

4 5996 3050 1132 6.19 2091 4945 7.81 13.87
5 7756 6092 1527 1288 7.17 26.20 - -

(b)

(d)

(e)

Figure 4.116. EDX elemental analysis of micro textured design crater array shape (design type ()

image of measurement points (a) and elemental mapping images (b-C, c-Cr, d-Fe, e-0).
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Figure 4.117. shows the main elements on the EDX spectrum (Cr, O, Fe, C).
cps/eV

16
14
12

10

JEERE | [ JLJL_

8 10 12

Energy [keV]

Figure 4.117. EDX spectrum of micro textured design crater array shape (design type C).

4.4, Conclusions

Even if the same frequency, speed, and number of repetitions were used for designs A, B and C, the
geometry of applied microstructure has an important role. From the cross-section optical
micrographs and profile histograms, it can be observed that material displacement is less evident for
pattern type B, comparing with patterns type A and C. The same remark can be made in the case of
pattern type C in comparison with patterns type B and A (after 10 repetitions of LST operation)
regarding the pull-out material.

The SEM images (top view and cross-section) offers information about the phenomena that occur
during LST. The crater array (design type C) and octagonal (design type A) patterns present o low area
of splashes compared to ellipse pattern (design type B). The same phenomenon occurs in the case of
recast material, which occurs in the case of octagonal and ellipse patterns, due to the 99%
overlapping of the laser spot. In the case of the crater array, where there is no overlapping, the recast
material is almost non-existent.

In two out of three patterns is pointed the presence of the oxygen element, which is beneficial for
ferritic stainless steel in creating the passive layer (an oxide layer, formed from chromium and oxygen
and has an inert reaction to the environment).

In the area of the recast material, the EDX analysis is pointing out almost a double value for the
carbon element (weight %) for octagonal pattern. The results, for ellipse and crater array patterns, are
very appropriate (iron, chromium and the carbon elements). At the bottom of the groove, the pattern
that offers different results for elemental analysis is the octagonal design. In the thermally affected
area, the measured values of the elemental analysis are appropriate for all the patterns. The cross-
section images of EDX analysis offers the answer that nothing is changed, regarding micro textured
area.
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Morphological analysis provides valuable information about the microrelief of laser textured surfaces,
clues for mechanical interlocking in the case of hybrid joints. Of the three analyzed models, the
highest level of recast material is observed for design type A, being more recommended its
application for the preparation of the metal surface before hybrid welding.

The best outcome for joining dissimilar materials is the pattern design type A, speed 300 mm/s,
frequency 30 kHz, no. of repetition 15, pulse duration 170 ns. The parameters resulted from the
measurements are: depth of 19.53 pm, 499.06 pm?for the area, top width at the plate surface 40.29
pm, middle width 30.11 pm and low width 12.10 pm. The recast material on the left side has an area
of 75.57 pm? with 5.526 pm height. The right recast side has an area of 187.73 pym? and 9.12 pm
height. The hollow is almost symmetrical, with a good depth and without the expulsed material
collapsed into, offering a good option for mechanical interlocking. The expulsed material as recast
material can behave as drag in joining dissimilar materials.

For tribological applications, the best outcome is for pattern design type C. The measurements, from
cross-section microscopic images, are: 157.37 pm for depth, 124.95 pm for the width at surface,
22.83 pym for low width and 3428.54 pm? for the area of the hollow. The parameter with a
considerable outcome is for 30 kHz frequency, 300 mm/s speed and no. of repetitions 15 micro
texturing, offering vast possibilities for tribological applications uses, due to the lack of recast
material. In the case of pattern B, more research is recommended.
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5. Roughness analysis of Laser Surface Texturing of AISI 430 Stainless Steel

All parameters measured are from roughness profile (R-profile, according to EN ISO 4287 and EN I1SO
16610-21).

5.1. Results and discussion

The roughness of the sample without laser surface texturing (LST) was obtained in the conditions
presented in the chapter 3.7, kept constant during experiments:

» R.=0.681pm,
» R,=2.253pum,
» R{=8.828 pm.

5.1.1. Design type A, octagonal donuts pattern

Overall, the results show an increasing in the surface roughness compared to the surface roughness
of the sample without LST (Figure 5.1).
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Figure 5.1. Surface roughness charts for design type A, R, — arithmetical mean deviation of profile
(a), R, — total peak-to-valley- height (b) and R; — ten-point height of irregularities (c).

Figure 5.2 presents the variation of roughness parameters with number of repetitions for A pattern,
keeping constant the 300 mm/s speed and 30 kHz frequency.

Ra, Rz, Rt [um] Speed = 300 mm/s
60
50 %ﬁg
=0 o %%\ i é
1/300 5/300 10/300 15/300 20/300

mRa mRz mRt Repetitions/speed [mm/s]
Figure 5.2. Surface roughness for design type A, speed 300 mm/s, frequency 30 kHz.

All the roughness parameters increase with increasing of the repetitions number. Figure 5.3 presents
the variation of roughness parameters with the speed for A pattern, keeping constant the number of
repetitions. The roughness parameters decrease with increasing of the speed.

Repetitions = 1
Ra, Rz, Rt [um]

15
] -
| |
-0E _mB
1/400 1/450

Repetitions/speed [mm/s]
B Ra WM Rz ERt

Figure 5.3. Surface roughness for design type A, one repetition.
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5.1.2. Design type B, elljpses at 90 ° pattern

Overall, the results for surface roughness of ellipse pattern (Figure 5.4) are lower than the results
from octagonal pattern, with an uneven trend. The values for roughness measurements once it
grows, once it decreases, when the variable parameters are changed.
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Figure 5.4. Surface roughness charts for design type B, R. — arithmetical mean deviation of profile
(a), R, — total peak-to-valley- height (b) and R; — ten-point height of irregularities (c).

5.1.3. Design type C, dimple/hole/crater array pattern

The image of all results (Figure 5.5), for design type C, is a maintaining trend for roughness. Out of
this trend there are the roughness obtained for samples with 15 repetitions for 30 kHz and 300
mm/s speed, 10 repetitions for 40 kHz and 400 mm/s speed and 10 repetitions in the case of 60 kHz
and 600 mm/s speed.
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Figure 5.5. Surface roughness charts for design type C, R, — arithmetical mean deviation of profile
(a), R, — total peak-to-valley- height (b) and R; — ten-point height of irregularities (c).

5.2 Conclusions

The total height of the profile (R:) between the lowest depth and the highest peak may indicate the
difference between a sample that has recast from the ejected material and a sample that does not. In
the diagram containing the results of the surface roughness for the type A pattern, it can be seen that
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when the number of repetitions is low, the height of the material expelled as recast material or burrs
is low

As the number of repetitions of the laser beam transition increases, the height of the pull-out
material increases. The difference between the average height and the total height of the profile is
the depth of the crack and can be easily perceived from the diagrams (Figure 5.1), which applies to A
pattern design.

Surface roughness has an important influence on function, strength, durability, and production cost. It
was observed that the roughness of the textured surface is directly proportional to the spot density
(number of repetitions), while roughness is inversely proportional to the processing speed. Since the
density of the spot in the speed direction also decreases with increasing speed, it can be concluded
that the roughness increases in value with increasing of spot no./cm?.

The micro-texturing pattern applied also has an influence on the surface roughness. For a speed of
300 mm/s and a frequency of 30 kHz for a single pass, design type A provides the mean value of the
measured surface roughness (R, = 2.165 pm), being 1.4 times greater than mean value of design type
B (R. = 1.521 um), and 1.03 times greater than mean value of design type C (R. = 2.101 pm). Figures
5.1-5.3 show that the total height of the roughness profiles (R:) reaches 28.963 pm for pattern A (10
repetitions/speed 300 mm/s) (Figure 5.1.c.), 9.633 pm for pattern B (10 repetitions/speed 300
mm/s) (Figure 5.2.c.) and 83.681 pm for pattern C (15 repetitions/speed 300 mm/s) (Figure 5.3.c.).
The measures for (RJ), the arithmetic mean of the absolute values, on the whole surface reach 1.733
pm for pattern A (20 repetitions/speed 350 mm/s) (Figure 5.1.a), 1.779 pm for pattern B (20
repetitions/speed 350 mm/s) (Figure 5.2.a.) and 3.724 pm for pattern C (15 repetitions/speed 300
mm/s) (Figure 5.3.a). The average roughness depth (R,) reaches 9.501 pm for pattern A (20
repetitions/speed 350 mm/s) (Figure 5.1.b.), 8.393 pm pattern B (10 repetitions/speed 350 mm/s)
(Figure 5.2.b), and 23.610 pm for pattern C (15 repetitions/speed 300 mm/s) (Figure 5.3.b.).

The results for surface roughness obtained for octagonal pattern, design type A, are increasing with
increased number of repetitions and decrease with the speed value. The results for surface
roughness of ellipse pattern, design type B, presents an uneven trend. The values for roughness
measurements are increasing and decreasing, when the parameters (frequency, speed, number of
repetitions) are changed. For dimple/hole/crater array pattern, design type C, is a maintaining trend
for surface roughness results. All the three geometric shapes applied as LST patterns present an
increase in roughness compared to the non-textured surface.

Surface functionalization by the fine modification of the roughness of the stainless steel finds its
applicability in the industry. Type A microtextured design can be easily applied to the joining of
different materials due to an uneven surface and an increased contact area. In tribological
applications, recast material can be an impediment, but the joining of different materials requires this
increase in contact area. The Type C model is mainly suitable for tribological applications due to the
lack of recast material.
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6. Wettability analysis of Laser Surface Texturing of AISI 430 Stainless Steel

The testing method applied to measure the contact angle is known as ‘static’ or even ‘sessile drop’,
since on many surfaces the droplet remains static (the droplet often changes its dimensions with
time, due to wetting phenomena) and in equilibrium with the material surface and air, according to
ISO/TS 14778:2021. The static contact angle is measured from the baseline (material's surface)
formed by means of a tangent on the droplet contour through one of the three-phase points at the
specified contact time (or resulting from an average of measurements, for each time frame). The SCA
lower than 20° is showing a super hydrophilic surface, less than 90° is considered hydrophilic surface,
higher than 90° but lower than 150° is hydrophobic and over 150° is considered superhydrophobic.

6. 1. Results and discussion

The base material (AISI 430 ferritic stainless steel), delivered in bright annealed conditions, has the
mean static contact angle of 42.81°, measured according to the procedure presented in chapter 3.7.

Figure 6.1. Average static contact angle of the ferritic stainless steel without LST.

6.1.1. Design type A, octagonal donuts pattern

Figures 6.2 ...6.5 show the results of static contact angle measurements of design type A LST applied
on AISI 430 samples, using different processing parameters. The increase of the static contact angle
can be noticed, most of the times more than 90°, revealing a hydrophobic surface resulted after LST.

(@) (b) (c)

(d) (e)

Figure 6.2. Images of the static contact angle measurement, 30 kHz frequency, 300 mm/s speed, no.
of repetitions 1(a), 5(b), 10(c), 15(d) and 20(e).
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Figure 6.3. Image of the static contact angle measurement, frequency 35 kHz, speed 350 mm/s, no.
of repetitions 20.

(@) (b)
Figure 6.4. Images of the static contact angle measurement, frequency 40 kHz, speed 400 mm/s, no.
of repetitions 10 (a) and 20 (b).

(a) (b)

Figure 6.5. Images of the static contact angle measurement, frequency 45 kHz, speed 450 mm/s, no.
of repetitions 5 (a) and 20 (b).

Summarizing the results of the static contact angle measurements applied to the LST type A design,
the graph in Figure 6.6 can be drawn.
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Figure 6.6. Average static contact angle for octagonal donuts pattern, design type A.

6.1.2. Design type B, ellipses at 90° pattern

Figures 6.7 ...6.11 show the results of static contact angle measurements of design type B LST
applied on AISI 430 samples, using different processing parameters. There is an increasing in the
static contact angle compared to the original, untextured surface.
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(@) (b)

(0 (d)
Figure 6.7. Images of the static contact angle measurement, frequency 30 kHz, speed 300 mm/s, no.
of repetitions 1 (a), 5 (b), 10 (c) and 20 (d).

Figure 6.8. Images of the static contact angle measurement, frequency 40 kHz, speed 400 mm/s, no.
of repetitions 1(a), 5(b), 10(c), 15(d) and 20(e).

Figure 6.9. Images of the static contact angle measurement, frequency 50 kHz, speed 500 mm/s, no.
of repetitions 10(a), 15(b) and 20(c).

(a) (b) (c)
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(d) (e)
Figure 6.10. Images of the static contact angle measurement, frequency 65 kHz, speed 650 mm/s,
no. of repetitions 1(a), 5(b), 10(c), 15(d) and 20(e).

(d) (e)
Figure 6.11. Images of the static contact angle measurement, frequency 100 kHz, speed 1000 mm/s,
no. of repetitions 1(a), 5(b), 10(c), 15(d) and 20(e).

Summarizing the results of the static contact angle measurements applied to the LST type B design,
the graph in Figure 6.12 can be drawn, thus demonstrating the increase of the hydrophobic character
of the surface.
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Figure 6.12. Average static contact angle for ellipse at 90° pattern, design type B.

Figure 6.13. and Figure 6.14. shows two deviations from the trend presented in Figure 6.12,
increasing hydrophobicity with increasing number of repetitions. There is evidence of a deviation
from the trend for the pattern type B (samples with 1 repetition and 10 repetitions for frequency of
40 kHz), where the drop of distilled water spreads very quickly, having a wetting behavior with high
hydrophilicity. The very rapid spread (after three seconds) of the distilled water drop and the high
wetting rate from hydrophobic to hydrophilic are noteworthy. The result of the static contact angle
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measurements for pattern type B (1 repetition/frequency 40 kHz) cannot be measured by the
equipment, because the microstructures belong to the extreme superhydrophilicity zone (6 = 0° + 20°).

LD e

Figure 6.13. Aberration in static contact angle measurement of the sample design type B
(no. of repetition 1/ frequency 40 kHz).

Figure 6.14. Aberration in static contact angle measurement of the sample design type B
(no. of repetition 10/ frequency 40 kHz).

6.1.3. Design type C, dimple/hole/crater array pattern

Figures 6.15 ...6.20 show the results of static contact angle measurements of design type C LST
applied on AISI 430 samples, using different processing parameters. Although the static contact
angles measured in the case of type C design are smaller than in the previous two cases, the
hydrophobicity compared to the original untextured material has increased.

(b)

Figure 6.15. Images of the static contact angle measurement, frequency 30 kHz, speed 300 mm/s,
no. of repetitions 5(a) and 15(b).

) (b)

Figure 6.16. Images of the static contact angle measurement, frequency 40 kHz, speed 400 mm/s,
no. of repetitions 5(a) and 10(b).
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Figure 6.17. Image of the static contact angle measurement, frequency 45 kHz, speed 450 mm/s, 1
repetition.

Figure 6.18. Image of the static contact angle measurement, frequency 50 kHz, speed 500 mm/s, 5

repetitions.

Figure 6.19. Image of the static contact angle measurement, frequency 60 kHz, speed 600 mm/s, 1

repetition.

Figure 6.20. Image of the static contact angle measurement, frequency 80 kHz, speed 800 mm/s, 15

repetitions.

Figure 6.21 shows the change in static contact angles measured with the processing parameters for
the design of LST type C.
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Figure 6.21. Average static contact angle for dimple/hole/crater array pattern, design type C.

6.2. Conclusions

All patterns’ designs applied as texturing on the surface of ferritic stainless steel by nanosecond
pulsed indicate an improvement in the average static contact angle of the base material. Given the
graph in Figure 6.6, the results for pattern type A, average static contact angle have a constancy, and
most of the results show a hydrophobicity. For pattern type B (Figure 6.12), the best result in terms
of hydrophobicity involves at least 20 repetitions. When less than 20 repetitions were used on the
textured pattern B, hydrophilicity was obtained. Surprisingly, for pattern type C (Figure 6.21), the rule
that applies is contrary to the other two design types of textured patterns in terms of the number of
repetitions of passages. As the repetitions of the micro-textured patterns increases, a slight decrease
in the average static contact angle can be observed. Another notable influence on the result of the
average static contact angle is the frequency. For lower than 40 kHz frequency (applicable for designs
type B and (), the average static contact angle does not exceed 90°.

The repeatability of the laser beam passage has a strong influence on static contact angle. For low
number of repetitions, the static contact angle is less than 90°, indicating hydrophilicity. The influence
of the textured pattern indicates an improvement (the average static contact angle is double that of
the base material). It has been determined that the static contact angle increases at a higher fluency,
mainly because the fluency is proportional to the repetition rate.

The results of the wettability analysis of LST areas provide an insight into the influence of the number
of repetitions and the frequency. As the number of repetitions increases, keeping the frequency
constant, the measured static contact angle increases, providing hydrophobicity to the surface of the
microstructure, and a decrease in static contact angle values occurs as the frequency increases and
the number of repetitions is constant. For 400 mm/s speed, at 40 kHz frequency and 10 repetitions,
and pattern A (CA = 90.55°) and pattern B (CA = 97.08°), the wettability measurement provides
hydrophobic surfaces (CA > 90°). The results for 400 mm/s speed, at 40 kHz frequency and 10
repetitions with pattern C are at the limit of hydrophobicity (CA = 89.61°), but with a remarkably
improving of CA value compared to the base material without LST (CA = 42.81°). The recast material
and the groove depth of the patterns also have a significant influence on the static contact angle. The
increase in roughness due to the texture of the surface increases the static contact angle with values
between 30 and 195% higher than for the untextured surface, thus increasing the hydrophobicity.

47



Summary of PhD thesis Edit Roxana Moldovan

7. Final conclusions. Original contributions. Dissemination of results. Further
research

The patterns designs and geometries were chosen based on creating a connection with the previous
literature, and to offer a better approach for simple automatization, wide applicability, and fast
transition in flow-production. The motivation was to offer a pattern which can be applied in LST for
tribological applications, joining dissimilar materials and bioengineering.

The results of the experimental research presented is leading to the following conclusions:

» (ross section and top view optical micrographs with profile histograms are offering information
regarding the material displacement after LST, evaporated and/or deposited in the form of
recast material and splashes. Comparing the design patterns, the octagonal donuts (design type
A) and dimple/hole/crater array (design type C) patterns have more pronounced displacements
towards ellipses at 90° (design type B) pattern. The design type A have the higher values of
recast material and design type C have the high number of splashes. The design type B has in
its composition both, recast material and splashes, but with much lower values than the other
two patterns. The microscopic images also show the thermally influenced area, the appearance
of chromium oxide and the phenomenon of imperfect trajectory.

» The SEM images (top view and cross section) offers information about the phenomena that occur
during LST, patterns present a low area of recast material (design type C) and splashes (design
type A). The SEM and EDX analysis are outlining the presence of the oxygen, which is beneficial for
the ferritic stainless steel by creating an oxide layer (passive layer). The recast material is showing
the double value for the carbon element for octagonal donuts pattern. The analysis in the
thermally affected area is pointing appropriate elemental analysis for all patterns. EDX analysis
offers the answer regarding the micro textured area, that nothing changed.

» Regarding the surface roughness analysis, the results are showing that pattern design A have
an increased values of roughness while the parameters (fluence and number of repetitions)
increase. The pattern design type B present an uneven trend, while pattern design type C is
maintaining trend. All the three geometric shapes applied as LST patterns present an increase
in roughness, but the octagonal donuts pattern offers the best outcome regarding surface
roughness. The microtextured design type A can be easily applied in joining dissimilar materials
due to an irregular surface and an increased contact area. In tribological applications, recast
material can be an impediment, but in the joining of dissimilar materials, this increasing of the
contact area is required. The pattern design type C is suitable mainly for tribological applications
since the recast material is missing. In the case of pattern design type B, more future research
is needed, as the results offers uneven results. Due to the irregular surface and increased
contact area, the A-type micro textured pattern can be easily used to join dissimilar materials.
In tribological applications, the expulsed material can be a hindrance, but the increased contact
area is necessary when joining dissimilar materials. Pattern C design is recommended, mainly,
for tribological applications due to lack of recast material. In the case of pattern design type B,
more future research is needed, as the results offers uneven results.

» All samples where LST was applied to the ferritic stainless-steel surface, micro texturing
showed an improvement in the average static contact angle of the surface. When the number
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of repetitions is low, the static contact angle is less than 90°, indicating hydrophilicity. It has
been found that the static contact angle increases with higher fluence, mainly because the
fluence is proportional to the repetition rate. The recast material and gap depth of the
samples also had a significant effect on the static contact angle. The increased surface
roughness due to surface micro texturing increases the static contact angle, which is 30% to
195% higher than the bare substrate, thereby increasing hydrophobicity.

It has been noticed that roughness of a micro textured surface is proportional to the point density
(number of iterations) and inversely proportional to the processing speed. When the expulsed
material is present in abundance (pattern A), a surface with high roughness is obtained because
the overlap is higher and high crack depths are recorded in the pattern without overlap and recast
material, as in pattern type C. Design B has a lower level of overlap and thus obtains intermediate
values of surface roughness. Fine setup of the roughness of stainless-steel has many industrial
applications, especially in bioengineering, and dissimilar joining.

Morphological analysis provides valuable information about the microrelief of laser textured
surfaces, clues for mechanical interlocking in the case of hybrid joints. Of the three patterns
analysed, the highest level of recast material is observed for design type A, being more
recommended its application for the preparation of the metal surface before hybrid welding.

| consider that this doctoral thesis brings the following original contributions:

Microtextures were made using a cheap industrial nanosecond pulsed laser, creating two new
design patterns: 3 octagonal concentric donuts and 2 ellipses at 90° closed loops, and one
used by other researchers (dimple/hole/crater array), for comparison.

The influence of the pattern and of the LST parameters on the surface roughness was
demonstrated, all the tested patterns conferring an increased roughness compared to the
non-textured material.

The influence of the microstructuring pattern and of the LST parameters on the wettability
tuning was highlighted, most of the patterns and processing parameters used are offering
hydrophobic surfaces (SCA> 90°), except for the pattern design type C, where the hydrophilic
character predominates.

Recommendations for different applications design and industrial manufacturing based on
research results were provided.
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Subsequent investigations will be performed to obtain super hydrophobic surfaces using design type
B optimized by decreasing the center-to-center distance of the micro-texturing pattern. To identify
the effect of LST on the stainless character of AISI 430 steel, by future research that will include X-
ray diffraction and corrosion studies. The next step is to research the octagonal and ellipse pattern
design for hybrid joints, and dimple/hole/crater array pattern design in tribological applications.
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Abstract

Due to its wide applicability in industry, devising microstructures on the surface of materials can be
easily implemented and automated in technological processes. Laser Surface Texturing (LST) is
applied to modify the chemical composition, morphology, and roughness of surfaces (wettability),
cleaning (remove contaminants), reducing internal stresses of metals (hardening, tempering), surface
energy (polymers, metals), increasing the adhesion (hybrid joining, bioengineering) and decreasing the
growth of pathogenic bacteria (bioengineering). The material selected for LST is ferritic stainless steel
AISI 430, distinguished by the low cost in manufacturing, corrosion resistance and high strength at
elevated temperature. Three different patterns (crater array type C, two ellipses at 90° overlapping
with its mirror-type B and 3 concentric octagons-type A) were applied with a nanosecond pulsed
laser (active medium Nd: Fiber Diode-pumped) on the surface of a ferritic stainless steel (AISI 430).
Effect investigation of laser parameters of thermal affected area and micro-structures is
accomplished by morphological analysis (SEM+EDS). Micro texturing the surface of a material can
modify its wettability behaviour. A hydrophobic surface (contact angle greater than 90°) was
obtained with different variations depending on the parameters. The parameters of the laser micro-
patterning have a marked influence for the results, creating microstructures groove-type sections
with different depths and recast material. Micro-texturing is essential for dissimilar materials
welding, due to the formation and interlocking of grooves on the metal surface.

Rezumat

Datorita aplicabilitdtii sale largi in industrie, conceperea microstructurilor pe suprafata materialelor
poate fi usor implementatd si automatizata in procesele tehnologice. Texturarea suprafetei cu laser
(LST) se aplicd pentru a modifica compozitia chimicd, morfologia si rugozitatea suprafetelor
(umectabilitate), curdtarea (inlaturarea contaminantilor), reducerea tensiunilor interne metalelor
(calire, revenire), energia de suprafata (polimeri, metale), cresterea aderentei (imbinari hibride,
bioinginerie) si diminuarea dezvoltdrii bacteriilor patogene (bioinginerie). Materialul selectat pentru
LST este otelul inoxidabil tip feritic AISI 430, care se distinge prin costul scdzut de fabricatie,
rezistenta la coroziune si rezistenta ridicatd la temperatura ridicatd. Trei modele diferite (crater de tip
C, doua elipse la 90° suprapuse in oglindd de tip B si 3 octogoane concentrice de tip A) au fost
aplicate cu un laser pulsat in nanosecunde (mediu activ Nd: Fiber Diode-pompat) pe suprafata unui
otel inoxidabil feritic (AISI 430). Investigarea efectului parametrilor echipamentului laser, a micro
texturilor si zonei influentate termic se realizeaza prin analiza morfologica (SEM+EDX).
Microtexturarea suprafetei unui material poate modifica comportamentul sau de umectare. S-a
obtinut o suprafata hidrofobd (unghi de contact mai mare de 90°) cu diferite variatii in functie de
parametrii utilizati. Parametrii micro-modelului texturat cu fasciculul laser au o influentd marcanta
asupra rezultatelor, creandu-se astfel microstructuri cu sectiuni de tip canelura avand adancimi de
diferite dimensiuni si material expulzat din crevasa pe marginea acesteia. Microtexturarea este
esentiald pentru imbindri hibride, datorita formarii si interblocarii microtexturilor create pe suprafata
metalica.
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