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ABSTRACT

Laser ablation method can be used in several material processing and analytical
applications. Those applications include production of nanoparticles, micro-nano
structuring, coloring of metals, controlling of wetting properties of surfaces, laser
breakdown spectroscopy and pulse laser depositions. The research on the synthesis
and characterization of metal and oxide nanoparticles using pulsed laser ablation
technique is critical for understanding their properties and potential applications. A
study of the laser assisted generation of Aluminum (Al) nanoparticles (NPs) in liquids
and in vacuum was carried out. The ability of NPs to change the wettability and
nonlinear optical properties of the surfaces, the suspensions and plasmas was
demonstrated. By means of Molecular Dynamics combined with Two Temperature
model, the formation process of aluminum NPs during the ablation of bulk targets was
analyzed. The numerical simulations allowed identifying the main mechanisms of NPs
formation in liquid mediaand the existence of the optimal laser irradiation parameters
for producing Al NPs of the desired size and morphology. The low-order nonlinear
optical propertiesof Al NPs produced during ablation of the bulk metal by nano-, pico-
, and femtosecond (fs) pulses were determined. The coefficients of nonlinear refraction
and absorption of AINPs using 40 fs pulses at A= 400 nm were measuredto be ~ 107
cm? W1and 107 cm W1, respectively. Al NPs allowed generation of 37th harmonic
using 40 fs pulses propagating nearby to the ablating aluminum target. The formation
of well-controlled nano/micrometer-sized structures on metallic surfaces enables the
modification of their optical and wetting properties. The formation of such structures
on the surface of biocompatible materials, in particular, can expand their applications
in various areas of science and technology. A high-repetition rate fiber-based laser (150
KHz) with 37 fs ablating pulses with a central wavelength of 1030 nm was employed
to form complex nanosized structures on the metal surfaces. A correlation was found
between the optical properties of the laser-processed surfaces and their wettability
properties. Oil-water separation using super-wetting and the selective permeability of
membranes for oil or water has great ecological and economic significance. An
environment-friendly, chemical free, and efficient approach was devised by using a
high power, ultrafast femtosecond laser to nanostructure stainless steel and copper
meshes to achieve desired variations of wetting properties. Laser scanning parameters,
mesh pore size, and aging conditions were optimized to produce membranes exhibiting
an extraordinary separation efficiency of 98% for the oil-water mixture.



INTRODUCTION

Relevance and necessity of the topic. Laser ablation and structuring have been studied
extensively for many decades since the development of lasers in the 1960's. However,
the interest of the researcher dramatically increased with the discovery of chirped-pulse
amplification (CPA) technique and the discovery of high-fluence materials. The
application of CPA regime produces short laser pulses nearly to few tens of a
femtosecond. Although these pulses carry very low energies, the peak power exceeds
terawatts and intensity of the range 108 W/cm?or higher is possible. This corresponds
toan electric field of 10 VV/em. The fundamentals behind laser-matter interactions of
such high peak power and short pulses are very complex and warrant understanding of
various mechanisms, as the duration of the pulse is shorter than the time of the energy
transfer between electron-ion pairs, the heat conduction time of the lattice, and
hydrodynamics time of the sample.

The high peak intensities of ultrashort pulses lead to nonlinear processes and the
strong electric field ionization and electron impact ionization take place. Depending on
Intensities, two mechanisms of ablation happen in the femtosecond regime which are
coulomb’s explosions and thermal vaporization. At low intensities, near the ablation
threshold, coulomb explosions (soft ablation) are dominant whereas at high intensities
the thermal vaporization (hard ablation) is dominant. In the coulomb explosion regime
only a few nm materials per pulse is removed and in thermal vaporization an order of
magnitude higher material per pulse is removed. Understanding the effects of plasma
temperature and electron density is crucial in optimizing the products of the laser
ablation of any target.

Laser ablation can be used in several material processing and analytical
applications. Those applications include production of nanoparticles, micro-nano
structuring, coloring of metals, controlling wetting properties of surfaces, laser
breakdown spectroscopy and pulse laser depositions. The research on the synthesis
and characterization of metal and oxide nanoparticles using pulsed laser ablation
technique is crucial for understanding their properties and potential applications. By
studying the factors that influence the properties of nanoparticles, such as laser
parameters and surrounding media, researchers can optimize the synthesis process to
tailor the properties of the nanoparticles for specific applications. The applications of
nanoparticles in various fields, including medicine, optoelectronics, and energy
sources, highlight their importance in advancing technology and improving existing
systems. Understanding the formation mechanism of nanoparticles through numerical
modeling can provide valuable insights into the underlying physics of the laser ablation
process and help optimize the synthesis process for desired nanoparticle properties.
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Furthermore, investigating the nonlinear optical properties of nanoparticles
generated through laser ablation can lead to advancements in nonlinear optics
applications, such as high-order harmonics generation. By studying the fundamental
principles of these properties, researchers can explore new possibilities for utilizing
nanoparticles in cutting-edge technologies. Femtosecond laser processing allows
precise control over local nanosized structures on material surfaces to make them
highly effective and multifunctional, particularly, in the coloring. Laser-induced
coloring is environment-friendly as it eliminates the usage of any pigments or
chemicals, while being quite flexible in achieving the desired results by optimizing
laser irradiation parameters. The unique ability of high-power short laser pulses to
modify almostall kinds of materials on the nanoscale poses great potential for various
novel applications in optics, optoelectronics, microfluidics, color marking, and
mechanics. Another application of laser-induced surface modification is the control of
the wettability response of metallic surfaces, which is currently a topic of growing
interest in the laser processing of materials. Surfaces can be modified with intense
lasers to be water attracting (hydrophilic) or water repelling (hydrophobic). Such
modified surfaces have many applications such as self-cleaning, corrosion prevention,
drag reduction, anti-bacteria, anti-fogging, heat transfer, tribology, optical reflectance,
and oil-water separation applications.

The development of femtosecond laser-structuring of metal meshes, two-
dimensional (2D)- membranes, and three-dimensional (3D) adsorbent foams for oil-
water separation represents a promising and environmentally friendly approach to
addressing the challenges associated with traditional separation techniques. By
leveraging the unique wettability responses of these materials, researchers can achieve
high separation efficiency while minimizing harmful byproducts. Utilize of ultrashort
laser structuring allows for precise control over the surface properties of the materials,
enabling the creation of surfaces with tailored wetting behaviors. For example,
superhydrophobic-superoleophilic surfaces repel water while selectively absorbing oil,
facilitating efficient oil-water separation. Conversely, superhydrophilic-
superoleophobic surfaces can selectivelyattract water whilerepellingoil, achieving a
similar separation effect.

International context of the research. Many top universities and research
centers around the globe are executingresearch in the field of the strong-field regime,
particularly ionization, nanoparticle formation, nano-structuring for multifunctional
surfaces, High Harmonic Generation (HHG) and application of coherent extreme
ultraviolet (XUV) radiation to study ultrafast electron dynamics in atoms, molecules
and materials with attosecond time scale. Among them are the group of Ultrafast
Dynamics department at Max-Planck Institute for Multidisciplinary Sciences

(Gettingen, Germany), the group of Laboratory for Laser Energetics (LLE) of
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the University of Rochester (USA), the group of Nanostructures and Ultrafast X-Ray
science at ETH-Zurich (Zurich, Switzerland), the group at MEPHI, Institute of
Engineering Physics for Biomedicine (PhysBio), 115409 Moscow, Russia, the group
at the Institute of Physics and Center for Interdisciplinary Nanostructure Science and
Technology (CINSaT), University of Kassel, 34125 Kassel, Germany, the group of
Nonlinear Optics at Changchun Institute of Optics, Physics and Fine Mechanics
(Changchun, China), the group of Materials Science and Engineering Research Center
at American University of Sharjah (Sharjah, UAE), the group of the Center of
Nanotechnology at University of Munster (Munster, Germany), the group of Nonlinear
Optics at the University of Tokyo (Tokyo, Japan), the group of the Laser Plasma
Division at the Center of Advanced Technologies (Indore, India), the group at the
National Institute of the Science (Montreal, Canada), HHG spectroscopy at Imperial
College (London, England), HHG and EUV science group at the Advanced Research
Center for Nanolithography (Amsterdam, Netherlands) and others.

Current state of the research on the topic.

Pulsed laser ablation is an ever-growing field. Among many other applications
the formation of nanoparticles, preparation of multifunctional surfaces, laser induced
breakdown spectroscopyand HHG are of high interest to the scientific community.

The formation of nanoparticles and micro-nano structures by laser ablation is
superior to traditional methods as it involves no chemical, no human direct touch and
Is an eco-friendly method.

Connection of the research topic with the research activities of the
Institution. The majority of the results for Ph.D. research were obtained in the
materials science and engineering research center at American University of Sharjah
(UAE), while some results were obtained in collaboration with researchers from
Uzbekistan, Germany, Latvia, Japan, and Russia.

The aim of the research work is to obtain theoretical and experimental
knowledge on the formation mechanisms and novel applications of
micro/nanostructured materials processed by high repetition rate ultrafast femtosecond
lasers.

The tasks of the research are:

e Study the laser-assisted generation of Aluminum (Al) based nanoparticles (NPs)
in liquids andin vacuum, andtheir ability to change the wettability and nonlinear
optical properties of the surfaces, suspensions, and plasmas.

e Investigate the nonlinearabsorption and refraction charactristics of NPs, as well
as their various structuraland linear optical properties for potential applications
in optoelectronics, optical limiters, and photonics.



e Study the laser parameters and sample conditions that correspond to the
formation of laser-induced periodic surface structures (LIPSS) and nanospikes
on the surface of the metal targets.

e Investigate the wettability response of metal meshes, planeand curvedsurfaces
of various materials processed by femtosecond laser pulses for oil-water
separation.

e Study the application of nanoparticlesenriched laser-induced plumes for HHG.
The object of the research is the laser-induced nano-micro structures on

different materials surfaces, Al nanoparticles produced in air, vacuum and under water.

The subject of the research is wettability properties and optical characteristics
of nano-micro structured surfaces of various materials, low- and high-order nonlinear
optical properties of Al NPs, and spectral characteristics of generated high-order
harmonics.

Methods of the research include both theoretical and experimental. Theoretical
methods include simulation with analytical Molecular Dynamics (MD) and Two
Temperature models (TTM) derived from diffusion differential equations.
Experimental methods include forming nanoparticlesin a vacuum and under water
conditions by using high power, high repetition rate, short and ultrashort pulses.
Structuring of Planes, curved surfaces of various materials and metal meshes by a
femtosecond fiber laser. Quantitative measurements of wettability properties of
surfaces by measuring contact angle and receding angle by using a drop shape analyzer.

The scientific novelty of the research

e MD-TTM numerical simulations were used to attain insight knowledge of optimal
laser beam parameters for the formation of Al NP of desired size and morphology.

e Highest values in spectral region of 400 nm of the nonlinear absorption
coefficients (B) and nonlinear refractive indices (y) were observed for the first
time in the case of the Al based NPs suspension, produced by ablation of
aluminum using picosecondpulses. The values of f and y of Al based NPs were
~ 107" cm Wtand 10° cm? W respectively.

e We have established for the first time that the in-situ formation of Al NPs in
vacuum followed with propagation of the driving pulses through the cloud of
synthesized nanoparticles produces enhanced high harmonic yield compared to
the aluminum atoms and ions. Al NPs allowed the generation of the high
harmonics up to the 37th order by using 40 fs pulses.

e We have demonstrated for the first time that the deposition of the Al based NPs
produced in water showed superhydrophilic properties and the NPs deposited in
vacuum possessed superhydrophobic features.



e We showed for the first time that permanent and iridescent colors of the metals
and metal alloys surfaces can be erased and re-colored by using a second stage
femtosecond laser processing.

e A correlation between the spectral reflective properties of the laser-processed
surfaces and their wettability properties was demonstrated for the first time.

e We established the potential use of AINiCo alloy rods processed by using
different fluencies of the ablating laser pulses, as a membrane for the oil-water
separation applications for the first time.

e Through a systematic study on optimization of processing parameters like the
thickness, pore size of the copper and stainless steel meshes, the laser scanning
speed, and aging environments an efficiency of 98% was accomplished in
separating oil-water mixtures for the first time.

o Expedited transition in wettability of femtosecond laser structured metals surfaces
by aging in the low-pressure environment for self-cleaning applications was
demonstrated.

e Complex periodic azimuthallyand radially directed LIPSS fabricated by ultrafast
laser on a large surface area of Tantalum (20mm) was presented for the first time.
Thisis very important to improve the tendency for cell adhesion and proliferation
when used as an implant.

e Copper Mesh and Foam Janus membranes manufactured by femtosecond laser
with opposite wettability characteristics for efficient directional water transfer and
fog collection applications were demonstrated.

e Laserstructured zeolite-coated steel meshes exhibited enhanced superhydrophilic
behavior and superior durability over an extended period for oil-water separation.
Practical results of the work. Results of the theoretical and experimental

analysis were used duringthe technological improvements of nanoparticles generation
and processing of micro-nano structuring surfaces of various material for novel
applications at the materials science research facility at American University of Sharjah
(UAE). Various codes for MD-TTM calculations and experimental data processing
were developed and are now actively applied within the research groups at American
University of Sharjah, (Sharjah, UAE), the laboratory of Nonlinear Optics at University
of Latvia, (Riga, Latvia), Institute of Physics and Center for Interdisciplinary
Nanostructure Science and Technology, University of Kassel, (Kassel, Germany),
Faculty of Physics, Voronezh State University (Voronezh, Russia), and Tashkent
Institute of Irrigation and Agricultural Mechanization Engineers (Tashkent,

Uzbekistan).
The reliability of the research results is supported by the fact that they were
obtained using modern calculations, simulations, and experimental techniques. The
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reliability of the results is also based on the compatibility of obtained results with the
experimental data. Moreover, to further underline the reliability of obtained results, all
articles of the Ph.D. work were peer-reviewed by the experts in the field of, surface
science, nanomaterials, nonlinear optics and published in the highly ranked jourmnals
attributed to the Q1 and Q2 quartiles.

Significance of research results. Theoretical and experimental results of the
research on the formation mechanism of nanoparticles and processing of micro/ nano
structuring surfaces have many exotic applications. The nanoparticles produced by the
laser method are green, non-toxic product hence favorable for early detection and
treatment of cancer, energy, thin films, optoelectronic, signal enhancement Raman
spectroscopy, and many more applications. The nanostructured surfaces are of high
importance in producing the multifunctional surfaces of various materials like self-
cleaning, corrosion prevention, drag reduction, anti-bacteria, anti-fogging, heat
transfer, tribology, optical reflectance, and oil-water separation applications.

Implementation of the research results. Theacquired results of the study were
used in numerous scientific articles. Among them are “Ultrafast fiber laser-induced
fabrication of superhydrophobic and self-cleaning metal surfaces,” S.A. Khan, et.al.
Appl. Surf. Sci. 542, 148560 (2021) (75 Citations), “Expedited transition in the
wettability response of metal meshes structured by femtosecond laser pulses for oil-
water separation,” S.A. Khan, et.al., Front. in Chem. 8, 768 (2020) (20 citations), “The
mechanism of laser-assisted generation of aluminum nanoparticles, their wettability
and nonlinearity properties,” M. Igbal, et.al., Appl. Surf. Sci. 527, 146702 (2020) (17
citations), “Superhydrophobic and superhydrophilic properties of laser-ablated plane
and curved surfaces,” G.S. Boltaev, et.al., Appl. Phys. A 126, 1-9 (2020) (12 citations),
“Near-field induced reaction yields from nanoparticle clusters,” P. Rosenberger, et.al.,
ACS Photonics 7, 1885-1892 (2020) (20 citations), “Anomalous formation of
trihydrogen cations from water on nanoparticles,” M.S. Alghabra, et.al., Nat. Commun.
12, 3839 (2021) (15 citations), “Resonance enhancement of harmonics in the vicinity
of 32 nm spectral range during propagation of femtosecond pulses through the
molybdenum plasma,” V.V. Kim, et.al., J. Phys. B: At. Mol. Opt. Phys. 53, 195401
(2020) (14 citations), “Giant third-order nonlinear response of mixed perovskite
nanocrystals,” A.M. Abu Baker, et.al., Materials 15, 389 (2022) (12 citations),
“Enhanced XUV harmonics generation from diatomic gases using two orthogonally
polarized laser fields,” G.S. Boltaev, et.al., Sci. Rep..11, 5534 (2021) (12 citations),
“Application of 150 kHz laser for high-order harmonic generation in different
plasmas,” G.S. Boltaev, et.al., Photon. 7, 66 (2020) (9 citations), “Simultaneous
manipulation of the optical and wettability properties of metal surfaces using 150 kHz
femtosecond fiber laser,” M. Igbal, et.al., Appl. Sci. 10, 6207 (2020) (7 citations), etc.
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Publication of the research results. The results of the Ph.D. research are
presented in 30 peer-reviewed articles published in prestigious Q1/Q2 quartile
scientific journals recommended by the Supreme Attestation Commission of the
Republic of Uzbekistan for publication of the main scientific results of Ph.D. thesis
and displayed in the Web of Science scientific database.

MAIN CONTENT OF THE WORK

The research results are presented in two parts. The first part of the presentation
Is devoted to the introduction on the formation mechanisms of nanoparticles and novel
applica-tions [Appl. Surf. Sci. 527, 146702 (2020) and Appl. Surf. Sci. 542, 148560
(2021)]. The second part of the presentation focuses on the analysis of the formation
mechanisms of nanostructures on materials surfaces and novel applications [Front. in
Chem. 8, 768 (2020), J. Phys. D: Appl. Phys. 54, 185109 (2021), and Appl. Sci. 10,
6207 (2020)]. The findings presented here are published by Ph.D. candidate and his
coauthors in 30 scientific articles from Q1/Q2 quartiles of scientific journals. The
experimental data, theoretical calculations, and numerical simulations were developed
and employed during the last 5 years of work in different institutions of the United
Arab Emirates, Germany, Latvia, Russia, and of Uzbekistan.

Part 1. Formation mechanisms of nanoparticles and novel applications

The behavior of materials at the nanoscale differs significantly from their
macroscopic counterparts due to quantum effects and an increased surface-to-volume
ratio. This altered behavior often leads to unique properties and applications for
nanomaterials. Aluminum nanoparticles (NPs) exhibit a variety of applications,
including their ability to change the wettability and nonlinear optical properties of
surfaces, suspensions, and plasmas. In this work [Appl. Surf. Sci. 527, 146702 (2020)],
we present a theoretical and experimental study of the laser-assisted formation
mechanisms of Al-based nanoparticles in liquids and in the vacuum.

Numerous factors, such as laser pulse duration, fluence, the type of surrounding
media, temperature of the liquid, and characteristics of the irradiated targets, influence
the properties of NPs. Additionally, the morphology and size of synthesized particles
can cause variations in different macroscopic properties of NP-containing substrates
and suspensions. We performed Molecular Dynamics (MD) numerical simulations to
understand the formation process of aluminum NPs during the ablation of bulk targets.
These simulations allowed us to identify the main mechanisms of NPs formation in
liquid media and to determine the optimal laser irradiation parameters for producing
Al NPs of the desired size and morphology.
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The resultsof the simulations can be used for direct comparison with experimental
measurements and also help us gain deeper insights into the fundamental physics of
processes involved in laser-assisted generation of NPs. These simulations were
performed using a combined atomistic-continuum model. The use of numerical
simulations to study the mechanisms of nanoparticle formation in liquid mediaand to
optimize laser irradiation parameters for producing aluminum nanoparticles is a
powerful approach. By leveraging computational models, researchers can gain insights
into the underlying physics of the laser-assisted generation of nanoparticles. The
simulations allow for a detailed analysis of the interactions between the laser pulse,
target material, and surrounding liquid environment, providing a comprehensive
understanding of the nanoparticle synthesis process. By varying the simulation
parameters, such as laser fluence, pulse duration, andtarget properties, researchers can
identify the optimal conditions for producing aluminum nanoparticles with specific
size and morphology.

The model addresses the kinetics of laser-induced non-equilibrium phase-
transition processes at the atomic scale using the MD method [Science 280, 2085-2088
(1998)]. The processes of laser light absorption, electron heat conduction, and strong
electron—phonon non-equilibrium, induced by a short laser pulse, are described with
the Two-Temperature model (TTM) via the electron temperature. When used in a
parallel version in a multi-processing regime, the combined MD-TTM model dynamics
[Appl. Phys. A 111, 675-687 (2013)] can be applied in super large simulationson the
scale directly attainable in experiments. The results of our simulations, therefore, can
be directly considered during the interpretation of experimental data and for the
generation of NPs with pre-designed properties. The model combines the MD
approach, which describes atomic motion, with the diffusion differential equation for
electrons enteringthe TTM model, accounting for the effect of free carriers as reported
in [Phys. Rev. B, 68, 064114 (2003)].

In metals, when laser light interacts, it is absorbed by the conduction band
electrons. Theenergy deposited is quickly equilibrated among the electrons, typically
within femtoseconds, and then transferred more slowly to the atomic vibrations. This
transfer process, governed by the strength of the electron-phonon coupling, can take
from a fraction of a picosecond to several tens of picoseconds. Eventually, a thermal
equilibrium is reached between the electrons and phonons, leading to heat flow from
the surfaceregion into the bulk of the irradiated target, described by common thermal
diffusion. When the duration of the laser pulse is comparable to or less than the time
needed for electron-phonon thermalization, laser irradiation creates a state of thermal
nonequilibrium, where electrons and the lattice have different temperatures. At a
continuum level, the evolution of the lattice and electron temperatures, T\ and Te,

respectively, can be described by the TTM. This model uses two coupled nonlinear
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differential equations to represent this behavior, as explained in [Phys. Rev. B 68,
064114 (2003)].

Co(T)ZE = Vik, (TVT,] - G(T, — T)) + S(z,t) (1)
C,(Ty) % = V[k,(T)VT,] + G(T, — T;) (2)

Where C and K are the heat capacities and thermal conductivities of the electron and
lattice as denoted by the subscripts e and I, and G is the electron-phonon coupling
constant. The source term S(z,t) describes the local energy deposition per unit area and
unit time during the laser pulse duration.

The computational MD method is invaluable for gaining insights into the
mechanisms of laser-metal interactions. However, the classical MD method is not
directly suitable for simulating laser interactions with metals. This limitation arises
because the electronic contribution to the thermal conductivity of a metal is dominant.
In the conventional MD method, only the lattice contribution is considered, leading to
a significantunder-estimation of the total thermal conductivity. To address this issue,
a combined TTM and MD model is often used. This combined approach allows for a
more accurate representation of the processes involved in laser-metal interactions by
accounting for both the lattice and electronic contributions to thermal conductivity.

In the combined method the MD method completely substitutesthe TTM equation
for the lattice temperature, Eq. (2). The diffusion equation for electron temperature Te,
Eq. (1), is solved by a finite difference method simultaneously with MD integration of
the equations of motion of atomsand the electron temperature enters the coupling term
which is responsible for the energy exchange between the electron and the lattice [Phys.
Rev. B 68, 064114 (2003)];

aT, d 9
Ce(Te)E — 3. ke(Te)a_Z (Te) | = G(T, — T)) + S(z,t) TTM

0z
d’r;
m;—+=F+nmy; MD 3)
where n is
1
N ==Xk=1GVy (T, — T))/Xim (v)? (4)

In Eg. 4, mi and r; are the mass and position of an atom i, and F; is the force acting on
atom i dueto the interatomic interaction. An additional term, added to the ordinary MD
equations of motion, accounts for the electron-phonon coupling. The step of the spatial
discretization (Atrp) in the finite difference (FD) integration of Eq. (3) can be estimated
based on the von Neumann stability criterion. The time steps in the two parts of the
combined modelare chosen so that one MD time step would correspond to an integer
number of finite difference time steps, Atmp=nAtro. In each finite difference

discretization cell, the energy transferred between the electrons and the lattice due to
13



the electron-phonon coupling is accumulated for n steps of integration [Phys. Rev. B
68, 064114 (2003)],

AEC™P! = Yk Atpp GV (T, — T)) (5)
The accumulated energy is then transferred to (or extracted from) the energy of the
atomic motion in the corresponding part of the MD system by means of the coupling
term added to the MD equations of motion, Eq. (4).
A Gaussian temporal profile is used in the simulations to describe the laser energy
deposition [Phys. Rev. B 68, 064114 (2003)],

S(zt) =1, (1— R)L;  exp (—%) exp [=(t — t,)2/20? (6)

Where loisthe peak intensity, R is the reflectivity, L is optical absorption depth, and 6
Is the standard deviation of the Gaussian beam profile related to the pulse duration

FWHM = c,/8In (2) . The laser fluence is related to peak intensity I,
F = ,/n/4n (2)7,1,~1.06457,1, (7)

We performed modeling for short and long laser pulse ablation of aluminum target with
same incident fluence of 10 J/cm? Thisallowedus to illustrate the pulse duration effect
on the mechanism of NPs generation. To relate our simulation results to the
experimental data, we chose two pulse durations of 0.3 ps and 50 ps that are
correspondingly considered as short and long pulses as compared to the characteristic

electron—phonon equilibration time for Al (~1.5 ps).
|| | | { O
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This approach enables the consideration of different regimes of target damage,
followed by the NPs formation process, and covers the femtosecond (fs) and
picosecond (ps) ranges of pulse durations used in the experimental part of this work.
Similar to the experiment, the target is situated under spatial confinement by a thick
water layer, where "thick" refers to a thickness large enough to prevent laser-induced
pressure wave reflections from free surfaces during the NPs formation process. The
total computational cell used in our simulations of aluminum NPs formation under
spatial confinement due to water is schematically shown in Fig. 1.
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Since thesize of the laser spot in the experiment (0.3 mm) was much larger than
the characteristic lateral size of the simulation cell (100 nm), the laser intensity across
the cell’s surface roughly remained uniform during the irradiation time. Moreover, the
relatively slow processes of heat conduction in the lateral direction during the
simulation timeup to a few nanoseconds still allowed us to impose periodic boundary
conditions (PBC) in the X and Y directions. The lateral size of the computational box
was also large enough to fit the processes resulting in the formation of NPs with sizes
in the range of approximately 10-100 nm, as measured experimentally. Thus, the
aluminum-water MD supercell consists of approximately 300,000,000 atoms and has
dimensions of 75 x 100 x 900 nm2in the X, Y, and Z directions respectively, with
thicknesses of 400 nm for the metal and 500 nm for the water layers, providing atomic
resolution. To increase the computational efficiency of the simulation procedure, we
applied the combined MD-TTM model for aluminum only within the 400 nm thickness
below the surface. Here, we placed non-reflective boundary (NRB) conditions below,
where we solved the TTM for aluminum only to account for the heat flux from the
surface to adistance of up to approximately 50 um beneath the surface [Comp. Mater.
Sci 24, 421 (2002)]. The use of NRB conditions allowed for the absorption of laser-
induced pressure waves generated near the surface due to rapid laser heating.

Similarly, to account for the presence of the liqguid medium above, the NRB
boundaries for water were placed at a distance of 500 nm above the metal-liquid
interface. Thus, each processor core was devoted to solving the combined MD-TTM
model for the metal part, the ordinary MD model for the water part, and the TTM model
of the metal part below 400 nm from the surface (a 2D mesh is shown for a single
processor in Fig. 1). To relate our simulation results to experimental data, we employed
a realistic interatomic potential for aluminum. This potential accurately represents
thermophysical properties of the material such as heat capacity, equilibrium melting
temperature, thermal expansion coefficient, and volume of melting (greater than 95%
accuracy).

The results of modeling the interaction between a 0.3 ps laser pulse and aluminum
under water are depicted in Fig. 2 and generally align with the outcomes of NPs
generation in waterusingan ultrashort laser pulse. In the latter scenario, the process of
NP generation in liquid media is attributed to two main mechanisms: NP nucleation
from the vapor phase at the top of the ablation plume and the formation of Rayleigh—
Taylor instabilities across the liquid metal interface. These mechanisms are believed to
be responsible for the formation of a bimodal NP size distribution, as discussed in
[Nanoscale 10, 6900-6910 (2018)]. In our study, we enhanced these mechanisms with
explanations that allow for the manipulation of NP size distribution by adjusting the
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laser irradiation parameters. From the atomic snapshot in Fig. 2(a), it is evident that
by the time of 175 ps, the irradiated target has undergone both the process of
evaporation from its surface and the expansion process, leading to the formation of
voids in the bulk of the material. This phenomenon is related to the onset of the
spallation process.

- 150 nm

(d)

(e)

N fosp M B — Fig.2. (a) Theresultof 0.3 ps laser-generation of Al NPs
i m: | in water at the incident fluence of 10 J cm~2 is shown as
L . " A~ atomic snapshots for the time of 175 ps and reveals the
R | ? = it indication of subsurface voids growth. The atoms are

colored by Central Symmetry Parameter (CSP) for
identification of atomic local structure so that SCP
values are: solid<0.08<defects<0.12<liquid<0.25<
surface<0.50<vapor. Green liquid NPs are seen at the
top of the plume with some contribution of red vapor
atoms. The water atoms are not shown. (b) The pressure
filed is shown for the moment of its maximum value of
36 GPa providing the conditions for involvement of the
spallation mechanism into the process of ablation. (c)
The lattice temperature field is shown for the moment
of its maximum value of 11,000 K that provides
conditions for the explosive boiling mechanism of the
material ejection process. (d) The squared region in (a)
is shown for a better observation of the forming NPs. (e)
The framed region from (d) is zoomed for visual
identification of the porosity forming inside the Al

target [Appl. Surf.Sci. 527, 146702 (2020)].

There are two main channels of energy dissipation in the metallic target when
exposed to a laser pulse: fast electron heat conduction and the process of electron—
phonon energy exchange leading to lattice heating. The pulse duration of 0.3 ps is
shorter than the electron—phonon relaxation time (~1.5 ps), so the heating rate is
determined by the electron—phonon equilibration time. The high electronic temperature
(~40,000 K) achieved during laser pulse absorption results in significant heating depth
duetothe strong function of electronic temperature on the electron heat conductivity.
This heatingrate exceeds the material's mechanical (acoustic) relaxation rate, leading
to the accumulation of high internal stresses (up to 36 GPa) in the pre-surface area of
the irradiated target, as shown in Fig. 2(b). These conditions, known as internal stress
confinement, lead to their relaxation due to a strong unloading pressure wave
propagating through the target. The mechanical relaxation leads to the formation of
internal voids, as seen in Figs. 2(d) and (e), which coalesce, grow, and initiate the
spallation process associated with the mechanical damage of the target [Appl. Phys. A
117, 2133 (2014)], resulting in the formation of a larger fraction of NPs due to the
generation of Rayleigh—Taylor instabilities across the liquid metal interface. On the
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other hand, the metal surface is overheated above the critical point (due to the large
absorbed energy) to amaximum value of 11,000 K, as shown in Fig. 2(c), resultingin
an ablation process governed by the explosive boiling mechanism. This leads to the
formation of a smaller fraction of NPs due to the nucleation of the metal vaporized
atoms. The connection between the spallation and phase explosion mechanisms of the
ablation process, depending on theapplied fluence, was discussedin more detail in [J.
Chem. Phys. 113, 11892 (2009)].

A more interesting case for our work, which offers more advantages in the
experimental part, was the generation of aluminum NPs under water using a long laser
pulse. To simulate the interaction of a long pulse with an aluminum target, a pulse
duration of 50 ps was chosen. Since this duration is much longer than the characteristic
electron—phonon equilibration time for aluminum (~1.5 ps), the material's heating time
Is determined by the pulse duration. The results of modeling the NP formation in water
due to a 50 ps laser pulse focused on the aluminum target are shown in Fig. 3. The
sequence of atomic snapshots of the system is shown for times of 125, 250, and 500 ps
from the beginning of the simulation, as depicted in Fig. 3(a).

3% o Fig.3. (a) The result of 50 ps laser pulse interaction
| with Al at the incident fluence of 10 J cm-2 is shown as
o the sequence of atomic snapshots for 125, 250, and 500
ps. The atoms are colored by Central Symmetry
Parameter (CSP) for identification of atomic local
structure: solid < 0.08 < defects < 0.12 < liquid < 0.25
< surface< 0.50 < vapor. Green NPs are seen at thetop
of the plume with significant contribution of red vapor
atoms. The water atoms are blanked for a better
200 visualization of the metallic part of the system. (b) The
lattice temperature field is shown for the moment of its
maximum value of 14,000 K at the time of 125 ps. (c)
The rectangular region in (a) is zoomed for a more
e ) detailed observation of the forming NPs. (d) The
relative density of metallic and water species at 250 ps
b | e and 500 ps reveals their mixing progress [Appl. Surf.
ok poston,om || Sci.527, 146702 (2020)].
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In these simulations, the laser pulse reached its maximum intensity by 125 ps, and
we considered a simulation time of 500 ps to be long enough to encompass the essential
processes responsible for NP formation mechanisms. While the actual processes of NP
formation can take much longer (a few nanoseconds), in this research, we were
primarily interested in manipulating the established mechanisms of NP formation [J.
Phys. Chem. C 121, 16549-16567 (2017)]. It should be noted that the conditions
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determining the mechanism of NP formation are generally established by the time of
electron—phonon equilibration or by the end of the pulse, whicheveris longer. By this
time, both channels of laser-deposited energy dissipation (electron heat conductivity
and electron—phonon interaction) cease the most intensive energy transport, which
essentially determines the subsequent evolution of the target and the NP formation
process itself. The long laser pulse cannot induce strong electron—phonon
nonequilibrium. The electronic temperature during the pulse remains roughly equal to
the temperature of the lattice and is limited to around 15,000 K, where the energy
dissipation channel through electron conductivity is much weaker than the electron—
phonon interaction (lattice heating) channel. Consequently, the deposited heat cannot
penetrate deep into the target (compared to the case of a short laser pulse) and roughly
remains near the target's surface. This results in the establishment of a thermal
confinement regime under conditions of gradual acoustic (mechanical) relaxation of
the heated target, as reflected in Fig. 3(b), with a high temperature on the surface and
a maximum internal pressure of 4 GPa, which is negligible compared to the previous
case.

However, the longheating timeresults in the elevation of the lattice temperature
above the critical point,up to 14,000 K, where the mechanism of the ablation process
Is governed by explosive boiling [J. Phys. Chem. C 113, 11892-11906 (2009)]. Since
the irradiated target remains mechanically relaxed, the spallation mechanism of the
ablation process is not involved here, and the incurred damage to the target is purely
thermal. This can be seen in Fig. 3(a), where the mechanically relaxed melts,
overheated to supercritical temperatures, resulted in the establishment of a smooth
transition vapor—liquid mixture zone. The vaporized metal atoms undergo intensive
cooling due to the water medium, which has both a significant heat capacity
(comparableto that of metals) and high vaporization energy losses. Thus, the intensive
process of nucleation of the metal NPs leads to their uniform generation in a visibly
larger amount, as shown in Fig. 3(c). In contrast, for the case of a 0.3 ps laser pulse,
the process involves moderate surface vaporization of metal atoms due to high
absorbed fluence, essentially accompanied by the mechanical damage of thetarget due
to the spallation mechanism of the material ejection process, followed by the growth
of subsurface voids [Nanoscale 10, 6900-6910 (2018)]. The effect of a water layer on
NP formation due to a laser pulse can be divided into several stages. First, the water
medium, having an atomic density comparable to that of metal, causes significant
mechanical resistance to the upward motion of the ablated material. Although
acoustically relaxed, the presurface layer of molten metal still possesses a remaining
non-zero pressure of 4 GPa by the time of 125 ps. Asaresult of this resistance, the size
of the ablation plume is noticeably smaller compared to that in air or in vacuum.

Second, the high heat capacity of water (comparable to that of metal) and its high
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vaporization heat losses facilitate the intensive cooling of the vaporized metal atoms,
resulting in the nucleation of NPs as early as 100 ps. The intensive evaporation process
inside the ablation plume, however, prevents the liquid from penetrating deep intothe
ablated material, and its cooling mechanism is therefore governed by conventional heat
conduction. This can be seen in Fig. 3(d), where the relative densities of metal and
water particles are shown for 250 ps and 500 ps from the beginning of the simulation.
The ablating material pushesthe liquid away, and only an insignificantamount of vapor
water atoms penetrates the top of the ablation plume at later times. Thisobservation is
consistent with similar analyses in [J. Colloid Interface Sci. 489, 3-17 (2020) and Phys.
Chem. Chem. Phys. 22, 7077-7099 (2020)]. Moving from the top to the bottom of the
ablation plume, one can identify that the small particles at the top are efficiently
decelerated and cooled down by the water medium, limiting their growth and bringing
their size close to the size of particles formedin the middle of the plume. This makes
the NP generation mechanism in water very different from that in vacuum, where the
ejected mixture of vapor and liquid droplets, once ejected, is not facilitated by intensive
nucleation and formation processes anymore due to significant lift-off speed disperse
as a function of the ejected clusters mass. As a result, the smaller droplets that are
ejected and formedfirst have much higher upward velocities than those ejected later at
lower temperatures and heavier masses [Appl. Phys. A 114, 11 (2014); Appl. Surf. Sci.
470, 1018 (2018)]. In contrast, during the NP formation process in liquids, the initial
segregation of the newly formed NPs by size and speed is reversed due to the thermal
and mechanical action of the water layer, andthe lift-off velocity of nucleating NPs in
liquid mediais more than one order of magnitude slower than that in air or in vacuum
[Nanomater. 10, 234 (2020)]. Thus, the effect of the liquid on the NP generation
process results in a smoother size distribution of the final fraction compared to vacuum
conditions. Such an effect from the liquid environment was also emphasized in recent
theoretical works [Nanomater. 9, 767 (2019)] and holds for the range of femtosecond
to nanosecond pulse durations. Moreover, the NP size distribution analysis, performed
for both cases of short 0.3 ps and long 50 ps laser pulses, confirms our above
discussions and reveals even more possibilities for the generation of NPs with a
narrower size distribution. Figs. 4(a) and (b) show the atomistic view of a slice of the
computational cell for the cases of short and long pulse durations. From these pictures,
it is seen that theshort pulse, resulting in stress confinement in the target (mechanical
damage regime), facilitates the formation of a noticeably larger fraction of NPs with
some input from vaporized metal atoms. Alternatively, the long pulse induces more
pronounced thermal confinement (thermal damage regime), and the target,
mechanically relaxed and gradually expanding, generates a much larger amount of
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vaporized atoms under conditions of overcritical heating. The process of deceleration
and cooling of this vapor due to the liquid environment facilitates the nucleation of
noticeably smaller NPswith less size dispersion, as shown in Fig. 4(b). The simulations
conducted cover a sufficiently long-time range to establish the main mechanisms
responsible for the subsequent evolution of forming nanoparticles (NPs). This is
evident from a more quantitative analysis of the NP size distribution, as shown in Figs.
4(c) and (d) for the shortand long pulsesin the rectangularareas in Figs. 4(a) and (b).
In these regions, the NP formation process is no longer significantly affected by
ablation products.

(a) (b)

i 2500m| | z00m| - Fijg. 4. The atomistic snapshots of the established
\ NPs formation process is shown for the case of
short 0.3 ps (a) and long 50 ps (b) pulses. The
1sonm| - atoms are colored by CSP for visualization of the
forming NPs whereas the water atoms are
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The use of a large computational domain in our simulations enables the collection
of sufficient statistical data and the construction of NP distribution histograms. It is
observed that shorter pulses lead to a more dispersed distribution, revealing the
formation of two or more fractions with different mean sizes. This observation aligns
with recent theoretical findings on the formation mechanisms of bimodal size
distribution during short laser pulse generation of NPs in liquids. Specifically, the
smaller fraction forms due to the nucleation of vaporized metal atoms, while the larger
fraction is a product of Rayleigh-Taylor instabilities across the metal-water interface,
originating from the rapid advancement due to the mechanical relaxation of internal
stresses (Fig. 4(c)). In contrast, longer pulses do not generate high compressive stresses
but instead induce overcritical heating of the target surface, leading tothe formation of
a large amount of vapor, which then nucleates into a number of NPs of smaller size
(Fig. 4(d)). Although the complete process of NP nucleation occurs over amuch longer
time scale, andthe NP size distribution can later shift towards a larger diameter, it can
be concluded from Fig. 4 that for longer pulses, the essential driving mechanism of
particle formation is explosive boiling, resulting in the formation of smaller NPs. In
this case, the ejection of the whole pre-surface layer, with its subsequent Rayleigh-
Taylor instabilities and the formation of a larger NP fraction, is suppressed, as the rate
20



of heating does not exceed the rate of mechanical relaxation of the target. This result
not only aligns with recent findings regarding the effect of pulse duration on NP
generation in liquids by Shih et al. [Phys. Chem. Chem. Phys., 22, 7077 (2020)] but
also suggests the possibility of manipulating the resulting NP size distribution through
laser irradiation parameters (pulse duration and incident fluence). This manipulation
could lead to a narrower distribution with a specific mean value, which is crucial for
generating NPs for biomedical applications where a uniform size distribution of
smaller NPs is often required [Sci. Rep. 9, 12890 (2019)]. The thermal confinement
regime of NP generation or their production using long (100s of picoseconds and
nanoseconds) laser pulses appears to be more preferable for industrial manufacturing.
The number of NPsgenerated during the nucleation process from the metal vapor phase
can be observed in Fig. 3(c). Their subsequent shape relaxation in the liquid phase will
result inaspherical form, which is consistentwith observations reported in [Nanoscale,
10, 6900 (2018)].

After the nucleation of the vapor phase and the completion of NP formation, the

Fig.5. Structuraland spectral properties of Al based
NPs. (a-c) SEM images of the Al based NPs
produced by ablation of target using 10 ns pulses in
different environment: (a) vacuum, (b) water, and
(c) water (after 30 days). The corresponding
histograms of the NPs size distributions are shown
in (d) and (e) in the case of ablation in vacuum and
water, respectively. (f) Absorption spectrum of Al
based NPs suspension. (g) Atomic force microscopy
image of Al NPs layerdeposited duringablation in
vacuum. (h) Variation of plasma emission (250-450
nm). UV spectra of Al plasma were collected at
different delays from the beginning of ablation by
nanosecond pulses [Appl. Surf. Sci. 527, 146702
(2020)].

products of the ablation process NPs are

propelled upward by the established hydrodynamic motion in the liqguid medium. The
process of NP solidification then occurs over the nanosecond range. Subsequently,
suspended in the resulting colloidal liquid, the generated particles can continue to grow
due to slow diffusion processes in water under relatively equilibrium conditions. This
growth processtakes a significantly longer timescale, during which the NP formation
mechanism may exhibit a highly pronounced effect of crystal structure, surface
chemistry, and oxidation. This effect can result in NPs with unusual shapes, as
exemplified in Fig. 5(c).
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Aluminum-based NPs were produced by ablating a bulk aluminum target
immersed in deionized water using laser pulses with a wavelength of 1064 nm, a pulse
duration of 10 ns, and a repetition rate of 10 Hz at a pulse energy of 40 mJ (NL300,
EKSPLA). The laser beam was focused usinga F=100 mm focal length lens. Ablation
of bulk Al in vacuum was also performed using the same laser, with the 10 ns pulses
focused inside a vacuum chamber ontothe surface of the aluminum target. The debris
from the ablated material was deposited on nearby glass andsilicon substrates, and the
ablation process lasted for 30 minutes. Additionally, femtosecond pulses (300 fs, 1030
nm, 100 kHz, 0.5 mJ; AFS systems) were used to ablate the aluminum target in both
water and vacuum.

The morphology of particles deposited during ablation by 10 ns pulses in vacuum

and water was examined using a scanning electron microscope (SEM). The SEM
images of Al-based NPs generated by nanosecond pulses in vacuum and water are
depicted in Figs. 5(a)-(c), with NP sizes measured at 55 nm and 34 nm, respectively
(Figs. 5(d) and 5(e)). A qualitative comparison of these two cases revealed a narrower
size distribution when ablation occurred in water. This effect can be attributed to the
thermal and mechanical action of the dense liquid environment (water), as suggested
by the theoretical study. The process of NP formation can be influenced by either the
spallation mechanism of material ejection (mechanical damage regime), the explosive
boiling mechanism (thermal damage regime), or a combination of both, especially for
sufficiently high values of absorbed laser energy (fluence).
Nonlinear Optical Properties: The motivation behind studying the nonlinear
absorptive and refractive properties of NPs, along with their various optical
characteristics, stems from their potential applications in optoelectronics, optical
limiters, and photonics. However, previous studies have not addressed the impact of
pulse duration during the ablation of Al targets on the coefficients of nonlinear
absorption and nonlinear refraction of Al-based NPs. The search for small-sized
materials with strong nonlinear refractive and absorptive properties led us to analyze
NPs produced by nanosecond, picosecond, and femtosecond pulses. We examined the
nonlinear optical properties of different Al-based NP suspensions prepared by ablating
bulk aluminum in water with nanosecond, picosecond, and femtosecond pulses using
the Z-scan scheme. The normalized transmittances of Al-based NP suspensions were
analyzed using the standard fitting procedure to determine their nonlinear absorption
coefficients () and nonlinear refractive indices (y). The aluminum-based NPs were
obtained by ablating Al bulk in water using pulses with different durations (5 ns, 200
ps, and 30 fs). The normalized transmittance Tzpa in the case of open-aperture (OA)
scheme and two-photon absorption (2PA) can be written as follows:

In(1+7) r
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Intensity (arb, units)

Here, r=p1o Lesd (1+(2/20)?), X=2/20, Z0=K(W0)%/2 is the Rayleigh length, k is the wave
number k=27r/A, wo is the beam waist radius, lo is the peak intensity of input beam at
focal plane, Ly=[1- exp(-aol)//a0] is the effective length of the medium, ao is the linear
absorption coefficient, and L is the sample thickness. In the case of closed aperture

(CA) scheme, the transmittance can be presented as

2(=6x2+2x-36)
TNRA (Z) = 1 + x4+10x2 +9 AQDO (9)

Here Tnra(z) is the transmission of medium at the conditions of nonlinear refraction
and absorption (NRA), 6 = f/2ky and Apo=kyloLer represents the nonlinear refraction-
Induced phase change. The nonlinear optical coefficients of 2PA and NRA of Al based
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NPs suspension were calculated using Egs. (8,9). Fig. 6 shows the CA and OA Z-scans
of samples using 400 nm, 30 fs pulses. Fitting of these curves allowed determining the
nonlinear absorption coefficientsand nonlinear refractive indices of three suspensions
(generated by fs, ps, and ns pulses) using400 nm, 30 fs pulses. The highest values of
nonlinear optical parameterswere observed in the case of the suspension produced by
ablation of aluminum using picosecond pulses, while other two suspensions showed
three (femtosecond ablation) and five (nanosecond ablation) times smaller y and 3. The
v and B of the NP suspension produced by picosecond pulses were measured to be ~
108 cm2 W™t and 10t cm W™, respectively. Since the volume part of NPs in these
suspensions was ~104, the valuesof'y and  of Al based NPs were estimated as ~107
cm?2 W™t and 107 em W™ correspondingly, which are among the highest values
reported in this spectral region.

High Harmonic Generation (HHG): One of the goals of our study was to
demonstrate high-order harmonic generation in laser plasmas produced on the surface
of aluminum targets. Ablation of metals in vacuum under specific conditions can lead
to the formation of laser-produced plasma (LPP) containing nanoparticles [Phys. Rev.
B 71, 174405 (2005)]. Several requirements, such as the pulse duration of the heating
radiation, the fluence of laser pulses, and the need for "optimal plasma" formation,
must be maintained during the formation of nanoparticles. This is crucial for further
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Interaction with ultrashort pulses to generate strong high-order harmonics compared to
the case of laser-atom interaction. The term "optimal plasma" refers to the conditions
required for efficient HHG of ultrashort pulses. This involves maintaining a small
number of free electrons in the plasma to suppress processes that lead to phase
mismatch between the driving and harmonic waves, resulting in a decrease in harmonic
conversion efficiency [Opt. Commun. 135, 251 (1997), Phys. Rev. A 83, 023832
(2012)].

The optimal delay between the beginning of ablation by heating pulses and the
propagation of driving femtosecond pulses through the pre-formed plasma was a
crucial parameter in these studies. This delay was determined to ensure that the
maximum concentration of active species, such as NPs, coincided with the propagating
laser pulse. The method used to determine the optimal delay involved analyzing the
time-dependent spectrum of emission, in addition to direct experimental observation
of harmonicyield. The studies conducted prior to the HHG experimentsrevealed that
a delay in the range of 100 —150 ns from the start of ablation allowed the plasma to
reach the region where the driving femtosecond beam propagated. This timing created
optimal conditions for achieving the highest harmonic yield. A similar approach had
previously been demonstrated in the case of gold plasma, indicating the importance of
timing and spatial alignment in maximizing harmonic generation efficiency [J. Appl.
Phys. 102, 073105 (2007)]. An additional motivation for our time-resolved studies of
plasmaemission was to determine the conditions of target ablation where only neutral
(All)andsingly ionized (Al I1) particles are emitted in the near-ultraviolet (UV) range,
as shown in Fig. 5(h).
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Fig. 7. (a) Scheme for HHG in Al LPP. DP (Fs): driving femtosecond pulse, HP (Fs, Ps): heating (either
nanosecond, or picosecond, or femtosecond) pulse, Target: aluminum bulk target; Al NPs: aluminum
nanoparticles-containing plasma, Harmonics: high-order harmonics from the driving pulse, XUVS: extreme
ultraviolet spectrometer. (b) Harmonic spectrafrom femtosecond (upper panel) and picosecond (bottom panel)
LPPs [Appl. Surf. Sci. 527, 146702 (2020)].

In our HHG experiments, we used a femtosecond laser with a wavelength of 800
nm and a pulse duration of 40 fs. The laser radiation propagated at a distance of
approximately 200 um above the target surface through the laser-produced plasma
(LPP) containing aluminum nanoparticles, as illustrated in Fig. 7(a). The LPP was
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generated by focusing 200 ps, 800 nm pulses of uncompressed radiation from the same
laser onto the surface of an aluminum target using a 300-mm focal length cylindrical
lens, resulting in the formation of a 5-mm long plasmaplume. The harmonic emission
was analyzed usingan extreme ultraviolet (XUV) spectrometer consisting of a vertical
slit, a gold-coated cylindrical mirror, a 1200 lines/mm flat-field grating, a microchannel
plate, anda CCD camera. The harmonic spectrumshown in Fig. 7(b) demonstrates that
the cutoff in the case of femtosecond-induced LPP (H35) is larger than in the case of
picosecond-induced LPP (H25). Additionally, the yield of higher-order harmonics in
the former case was larger than in the case of HHG in the LPP formed by picosecond
pulses.

We applied the Lewenstein model of HHG [Phys. Rev. A 49, 2117 (1994)] to
analyze theinfluence of neutrals and ions on the harmonic yield. The harmonics from
the aluminum NPs plasma mainly originate from the neutral particles. Itis noteworthy
that increasing the intensity of the picosecond heating pulse above 3x10%° W/cm? led
to a significant decrease in harmonic yield due to the appearance of a large number of
free electrons. In addition, we conducted HHG in NP LPP using a two-color pump
(TCP, 800 nm+400 nm) on the aluminum plasma. In our experiments, the conversion
efficiency of second harmonic pulses (A = 400 nm) was relatively low (~2% and ~4%
with 0.2- and 0.4-mm thick beta barium borate (BBO) crystals, respectively). Due to
the smallgroup velocity dispersion in the former BBO crystal, the temporal overlap of
the two driving pulses in the plasma area was sufficient for HHG in the longer-
wavelength range of XUV. However, we observed the absence of the whole group of
even harmonics, especially those corresponding to H=4(n+1). Specifically, the
discrimination of H12, H16, and H20 was a distinctive feature in the case of TCP using
a0.4-mm thick BBO crystal, while in the case of applying a 0.2-mm thick BBO crystal,
all those harmonics were nearly similar to other even harmonics, as well as comparable
with the odd harmonics.

The findingsfrom this study highlighted the importance of in-situ formation of
aluminum nanoparticles in a vacuum environment for enhancing harmonic generation
compared to usingaluminumatoms and ions. The presence of aluminumnanoparticles
facilitated the generation of high-order harmonics up to the 37th order when subjected
to 40 fs pulses propagating near the ablating aluminum target. This research
demonstratesthe potential benefits of utilizing aluminum nanoparticles for enhancing
harmonic yield in laser ablation processes.

Wettability: Wetting properties of materials surfaces play important role in different
practical and fundamental applications and are characterized by their contact angle
(CA), which is the angle between surface of the liquid and the outline of the contact
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surface. Briefly, the contact angle of an ideally flat surface, depending on the surface
free energy of the solid, liquid, and vapor interfaces, is described by Young’s equation:

cos (g) = vt (10)

where o isthe water contactangle at the intyeLerace with solid (S), liquid (L), and vapor
(V), while gy, v5, and y,,, are the interfacial surface tensions, respectively.
One can deduce, from Eqg. (10) that the contact angle is a result of thermodynamic
equilibrium of free energy at the solid, liquid, and vapor interface. However, this
equation is not useful for the real surfaces, which show the roughnessor chemical
heterogeneity. In general, the roughness factor of surfaces should be considered during
the evaluation of the surface wettability. For rough surfaces, the Young’s equation
reads as follows [Ind. Eng. Chem. 28, 988-994 (1936)],

cos6,, = M = rcos0 (11)
where r is the surface roughness faé{/or that significantly improves the wettability
response. According to this relation the increase of the roughness of the hydrophobic
material leads to the growth of its hydrophobicity and vice versa. Equations 10 and 11
are commonly used to correlate the surface roughness with the contact angle of a liquid
droplet on a solid surface. The water contact angles (WCA) of <90° are considered
hydrophilic, whereas surfaces with WCA>90° are considered hydrophobic. The
surfaces are called superhydrophobicwhen a contact angle becomes larger than 150°.
The development of superhydrophobic surfaces with different states has the far-
reaching impact on the practical applications and will also be of much relevance for
fundamental research [Adv. Mater. 19, 3423-3424 (2007)]. According to [Langmuir
26, 18621-18623 (2010)], the superhydrophilicity can be referred to those textured and
Jor structured materials (rough and/or porous) having a surface roughness factor (as
defined from the equation (11) larger than one (r > 1).
The wetting contact angle for rough surface is given by equation:

cos6, =f Xcosf, +f —1 (12)

where f is the ratio of the solid—liquid contact area of a water droplet. One can

infer from this equation that WCA increases due to the roughness of the surfaces by
decreasing the value of f (Fig. 8).

In the case of the modified surface of metal alloy the saturation process can play
Important role for changing the wetting contact angle after ablation due to the
formation of the oxidation of metal surface. In our next work [Appl. Surf. Sci. 527,
146702 (2020)], we studied the wetting properties of the Al based NPs films prepared
by self-assembly of NP layers deposited on the glass surfaces. The film preparation
process involved creating suspensions of aluminum-based nanoparticles in water by
using nanosecond and femtosecond pulse-induced ablation of bulk material. These

26



suspensions were then applied layer by layer onto cleaned glass slides using the drop-
casting method. Each layer was dried thoroughly before the next layer was added.
The number of layers deposited influenced the color of the glass slides and
altered their wetting properties. The wettability of the aluminum-based nanoparticle
layers produced during the ablation process in a vacuum was also examined. Contact
angle measurements were conducted on both the coated and uncoated glass surfaces
using a Drop Shape Analyzer (DSA 100-E, Kruss). The formation of highly rough
nanostructured films during the nanoparticle deposition in a vacuum environment
resulted in the superhydrophobic nature of the aluminum nanoparticle coatings.
These nanostructures displayed low adhesion to water. Atomic Force
Microscopy (hpAFM, Nanomagnetics) was utilizedto analyze the surface topography
of the nanoparticle-coated surface. The thickness of these coatings deposited under
vacuum conditions was approximately 150-200 nm. By combining these techniques,
valuable insights were gained into the surface properties and characteristics of the
aluminum-based nanoparticle coatings, providing a better understanding of their
wettability and structural attributes.
(a) (b)

; Fig. 8. Schematic of different wetting states of water for

contact angle analysis. (a) Young state of water droplet on
~,. a flat surface; (b) sliding angle (SA) or roll-off angle
definition; (c) Wenzel state, where water droplet penetrates
the surface structures; (d) Cassie—Baxter state, where water
rests on top of the microstructures and air gets trapped
beneath it limiting penetration. Here ‘r’ and ‘f” represents
surface roughness and effective area fraction being in
contact for Wenzel and Cassie- Baxter states, respectively

| JUUUI m [Ind. Eng. Chem.28, 988-994 (1936), Trans, Faraday, Soc.
e E— AR 40, 546 — 551 (1944)].
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The findings from the contact angle measurements on the deposited surfaces,
which appeared almost transparent, confirmedthe superhydrophobic properties of the
aluminum nanoparticles regardless of the coating thickness. Despite the non-
uniformity of the coating, the contact angle remained consistent across different
regions of the coated glass. The reported contact angle measurements in Figure 9
represent the average values obtained from various coated regions on the glass. The
role of the medium in which the nanoparticles are synthesized is crucial. In a water
environment, the formation of aluminum hydroxide (Al(OH)z), aluminum oxide
hydroxide (AIO(OH)), and aluminum oxide (Al203) can occur. It is essential to
minimize oxidation during the laser ablation process in water or air, as oxidation can
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significantlyimpact the formation, structure, and size distribution of the nanoparticles
on a nanosecond time scale. The oxidation process can also influence the wettability
properties of the synthesized nanoparticles. Special attention should be paid to
controlling oxidation to ensure the desired characteristics and properties of the
aluminum-based nanoparticles are preserved. Minimizing oxidation can help maintain
the superhydrophobic nature of the coatings and prevent unwanted changes in their
structure and performance.

Hence, the alternative explanation for the difference in wettability of surfaces
coated with aluminum-based nanoparticles may be attributed to the presence or
absence of hydroxides on the surface afterdeposition. During laser ablation in a liquid
environment, the newly created surface undergoes a reaction with water, resulting in
the formation of aluminum hydroxide (AI(OH)3), which exhibits hydrophilic
properties. In contrast, when ablating an aluminum surface under vacuum conditions,

a) Before

Fig. 9. Contact angle measurement of (a, b) Al based
NPs suspension produced during ablation in water and
deposited on the glass slides showing the
superhydrophilic properties with a contact angle of
nearly 0°. (c, d) Al NPs deposited on the glass slide by
laser ablation in vacuum show an extremely
superhydrophobic surface. During these measurements
we were unable to place the water droplet on the surface
[Appl. Surf. Sci. 527, 146702 (2020)].

primarily aluminum nanoparticlesare deposited, as there is no interaction with oxygen
and water components. In this scenario, variations in the wettability of substrates are
predominantly influenced by changes in surface free energy. It is important to note that
the wettability of solid substrates is determined by both their surface free energy and
geometric structure.

In another paper [Appl. Surf. Sci. 542, 148560 (2021)] we investigated the
variation of wetting properties of three different metals (aluminum, copper and
galvanized steel) ablated by ultrafast fiber lasers (femtosecond and picosecond pulse
durations). The role of pulse duration and scanning speed used in the laser-surface
structuring wasanalyzed. Scanning electron microscopy, atomic force microscopy, and
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) were
employed to characterize the roughness and chemistry of the laser-structured surfaces.
The degree of hydrophobicity and self-cleaning characteristics of three laser-structured
metals were compared when aged in different post-ablation environments. Freshly
laser-treated samples of aluminum, copper, and galvanized steel demonstrated
superhydrophilic wetting response when their contact angles were measured
immediately after laser ablation. The superhydrophilic characteristics of these freshly
laser-structured surfaces were found to evolved to hydrophobic state after 30 days of
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ageing in ambient atmospheric conditions, while they took only 6 h to transform to
superhydrophobic state when aged in low-pressure environment. Ultrafast laser-
surface nano-structuring, coupled with vacuum ageing, proved to be an effective and
rapid approach in achieving extreme superhydrophobic states in different metals,
which makes it suitable for a wide range of self-cleaning applications.

The surface structuring was performed using the laser system (AFS-UFFL-300-
2000-1030-300; Active Fiber Systems GmbH) at A=1030 nm and repetition rate 50
kHz. The laser beam scanned over the samples by galvanometric scanner (FARO tech.
Xtreme-20) equipped with F-Theta lens with f =160 mm. 40 femtoseconds (fs) and 1.0
picosecond (ps) laser pulses were used to structure the surface of aluminum, copper
and galvanized steel at differentscanning speeds (50-1250 mm/s in steps of 200 mm/s)
by focusing the laser beam on the surface of the target. The laser beam was scanned
over the sample in rectangular patten by irradiating the sample in the horizontal
direction (0°) and then along the vertical direction (90¢), this was done to create grid
patterns. The distance between two adjacent lines was 100 um. The diameter of the
focused spot on the surface was ~100 pm. Fixed laser fluence of 5 J/cm? was used for
the ablation, which is higher than the ablation thresholds of aluminum, copper, and
galvanized steel.

Scanning speed (mm/s)
50 250 500 750 1000 1250

Fig. 10. SEMs of the ablated
surfaces of galvanized steel
stored in vacuum after
irradiation with fs and ps laser
at different scanning speeds.
The insets show the water
droplet shapes on the
structured samples at different
scanning speeds [Appl. Surf.
Sci. 542, 148560 (2021)].

fs

Galvanized Steel

Ps

Prior to laser ablation, the surfaces of aluminum and copper sheets were
smoothed by sequentially increasing the sand paper number (300#, 800#, 1000# and
1200#) and then polished by applying 1-um diamond paste. Galvanized steel was used
as received from the local supplier. The laser ablation enhances the surface roughness
and creates different surface structures depending on the scanning speed and pulse
duration. Fig. 10 shows a comparison of the structures produced by 40 fs and 1.0 ps
laser pulses on the surfaces of studied metals at different scanning speeds ranging from
50 to 1250 mm/s. In the case of aluminum, highly random surface structures that
significantly enhance the surface roughness were formed with both fs and ps lasers.
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For copper and galvanized steel, laser-induced periodic surface structures (LIPSS) and
hierarchical microand nanoscale structures along the laser beam path were observed.
LIPSSs were predominant at 250 and 500 mm/s scanning speeds, while uniform large-
scale roughness with significantly less LIPSS and high coral reef-like structureswere
formed at higher scanning speeds (see the SEM images at scanning speeds of 750 mm/s
and higher). The formation of elevated micro/nanostructures in the case of fs laser
pulses, in comparison with ps pulses, is attributed to the shorter interaction time with
the metal surface. Therough structures were formed in the case of both ps and fs laser
structuring of all metals. Surface roughness improved the inherent wettability
characteristic of the material. The observed sharp surface structures can facilitate lower
adhesion with the surface improving the water repellent characteristic.

To demonstrate the transformation of the laser-structured surfaces from

superhydrophilic to superhydrophobic state after ageing in vacuum, we measured the
contact angle before and after aging. Fig. 11(a,b) shows the water contact angles of
aluminum, copper and galvanized steel samples ablated by (a) fs and (b) ps lasers after
aging in vacuum for ~6 h. Asshown in those graphs, the plates structured by either ps
or fs lasers showed superhydrophobic characteristics manifested by the high value of
the contact angle in a broad range of scanning speeds.

uperhydropho {m\ Superhydrophobic

Fig.11. Water contact angles of aluminum,
copper and galvanized steel samples
ablated by fs laser ablation (a) after 6 h
storage in vacuum, and (c) measured
immediately after structuring in air.
Similarly, samples ablated by ps laser
ablation and stored in (b) vacuum and (d)
air. The samples processed with (e) fs and
(f) ps laser ablation and aged in air for 30
days showed superhydrophobic response.
The contact angle an average value of the
measurements performed at different spots
on the laser-structured surface [Appl. Surf.
Sci. 542, 148560 (2021)].
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Meanwhile, Fig. 11(c,d) shows the contact angles of aluminum, copper and
galvanized steel samples measured immediately after ablation by (c) fsand (d) ps laser
pulses, respectively. All metals surfaces structured at different scanning speed,
generally showed superhydrophilic response for both fs and ps right after the laser
ablation, with measured contact angle way below 5° for aluminum and copper and less
than 15¢ for galvanized steel. It is worth to mention that the unstructured polished
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surfaces of aluminum, copper and galvanized steel showed water contact angles of
85.2¢, 78.8° and 86.0° respectively.

Among the three metals presented in our work, to the best of our knowledge,
galvanized steel has not been explored before for wettability applications using
ultrafast laser structuring followed by vacuum or air ageing. Galvanized steel is one of
the most commonly used construction materials in roofing, rails, poles, etc. due to its
relatively low cost and high corrosion resistance compared to other steel variants. Thus,
the water repellent characteristic imparted on galvanized steel can provide a wide range
of applicationsin self-cleaning. As shown in Fig. 11(a,b), galvanized steel has also
demonstrated high contact angle after aging in vacuum following the fs and ps laser
ablation. The contact angle after vacuum storage reached to a highest value of 153 and
154- for fs and ps laser ablation at scanning speeds of 500 mm/s and 750 mm/s,
respectively. However, for the sample aged in air a contact angle of 151 was obtained.
This study showed that vacuum-aged structured surface has better performance
compared to the air-aged ones in the case of galvanized steel especially at higher
scanning speeds of laser processing. In addition to the water repelling characteristics
of the laser-structured surfaces stored in vacuum, we also investigated their self-
cleaning behavior by measuring the sliding angle of these surfaces.

| Joemmaweekofaragengl  Fig. 12. Sliding angle measurements of
y| the aluminum, copper, and galvanized
steel treated by (a) fs and (b) ps pulses
followed by vacuum storage. A roll-off
angle of 90° showed that in certain speeds
for aluminum and galvanized steel sliding
angle could not be determined.
Correspondingly, 90° is used as the
highest value, which is an indication of
high adhesion of water droplets to the

0 M a0 w0 0 0 1200 0 ™ 40 60 @0 100 20 surface [Appl. Surf. Sci. 542, 148560
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Fig. 12 shows the sliding angle for the aluminum, copper, and galvanized steel sheets
structured by fs and ps pulses after being aged in vacuum for 6 h. In the case of
aluminum, the sliding angle of the fs and ps laser-structured surfaces decreased with
the increasein the scanning speed. At lower scanning speed the water droplet remained
adherent to the surface and did not roll off. On the other hand, copper showed self-
cleaningwater repellent behavior for all scanning speeds with small variation of 3 to
~0.5¢ at different scanning speeds. After aging in vacuum for 6 h, copper and aluminum
samples demonstrated Cassie- Baxter wetting state at higher scanning speeds as they
exhibited high contact angle as well as low roll off angle. Meanwhile, laser-structured
galvanized steel, even after being aged in vacuum for 6 h, showed high roll off angle
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of 90° and the droplet did not roll off due to the strong adhesion of water droplet with
the laser-structured areas for all scanning speeds.

However, when the sliding angle was measured after storing the structured
galvanized steel samplein air for additional two weeks, we found that its contact angle
has increased to 150° and the roll off angle was significantly reduced, particularly, at
low scanning speeds of 50 and 250 mm/sfor fs and ps pulses treatment. Roll off angle
of values ~0.5° and ~30° were achieved for those scanning speeds, respectively using
fs pulses. Whereas for ps pulses, roll off angles of ~1° and ~36° were obtained at low
scanning speeds of 50 and 250 mm/s. For high scanning speeds with both fs and ps
laser ablation the roll off angle after vacuum aging and 2 extra weeks of aging,
remained unchanged and the strong adhesion of water droplet was observed. Hence we
conclude that galvanized steel requires more aging time, compared to aluminum and
copper, in order to demonstrate transition to superhydrophobic wetting state and self-
cleaning ability, and this only occurs at low scanning speeds. Low scanning speeds
lead to deeper structures that would reach the deeper steel layer in galvanized steel,
while at higher scanning speed the structures are mainly formed within the upper zinc
layer. The ability of steel to adsorb carbon compounds is higher than the zinc layer,
which is consistent with observing superhydrophobic and self-cleaning characteristics
mainly at low scanning speeds.Fig. 13 shows the ATR-FTIR spectra for the laser-
treated aluminum (Fig. 13(a)), copper (Fig. 13(b)), and galvanized steel (Fig. 13(c))
before and after vacuum storage. These samples were structured at scanning speed of
50 mm/s. It is seen that laser-treated samples are lacking the major IR modes in the
regions 2800-3000 and 1100-1750cm-L. These regions are associated with the organic
compounds attached to the surface. It was anticipated as the freshly structured metal
surfaces were strongly hydrophilicwith CA <5° due to hydroxylated layer formation.
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Fig. 13. ATR-FTIR analysis of the fs laser-structured (a) aluminum, (b) copper, and (c) galvanized
steel before and after vacuum aging. The vacuum aged-samples showed the adsorption of the
hydrocarbon [Appl. Surf. Sci. 542, 148560 (2021)].

The surface hydroxyl groups and the water adsorbed signatures are weak in their
nature and hard to detect. In contrast, the ATR-FTIR spectra of the laser-structured
metal surfaces that were aged in contaminated vacuum chamber showed IR modes
associated with the adsorption of organic groups on the treated surfaces.
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The bands that appeared at 2960, 2923, and 2858 cm-are assigned for symmetric and
asymmetric C—H stretching modes for aliphatic —-CHz and —CHz-moieties. These bands
are also associated with the vens bending mode that appears at 1370 cm? in the
vacuum-aged metals. Further signatures appear at 1460 cm! that are assigned to the
ve=c Stretching modes. In addition, vacuum treated samples showed additional bands at
1720 and 1169 cm that are assigned for C=0 and C-O-C stretching modes,
respectively. In summary, it was observed that very minute number of hydrocarbons is
necessary for the wettability transformation and only the perfect combination of laser
structuring and vacuum conditions will result in maximum water repellent and self-
cleaning characteristics.

Part 2. Ultrafast femtosecond laser fabrication of multifunctional surfaces on
different materials and their novel applications.

In this section we present our works [Front. in Chem. 8, 768 (2020), J. Phys. D:
Appl. Phys. 54, 185109 (2021), and Appl. Sci.10, 6207 (2020)] on ultrafast
femtosecond laser fabrication of multifunctional surfaces on different materials and
their novel applications. The formation of well-controlled nano/micrometer-sized
structures on metallic surfaces enables the modification of their optical and wetting
properties. Forming such structures on the surface of biocompatible materials, in
particular, can expand their applications in various areas of science and technology.
Here in [J. Phys. D: Appl. Phys. 54, 185109 (2021)] we present results on covering
tantalum (Ta), a biocompatible material, with complex nanosized structures
comprising azimuthally- and radially-directed LIPSS by rotating the metallic sample
with respect to the polarization direction of the irradiating laser pulses.

The interaction of material with ultrashort laser pulses induces periodic surface
structures by confining the energy of the laser pulses on a very small micro/nanoscale
spot of the targeted material surface. Thisinitiates a chain of reactions that form a new
surface topology. Drude model with Sipe efficacy theory explains that the low spatial
frequency LIPSS (LSFL) formation process is initiated as resullt of the excitation of the
surface plasmon polaritons (SPPs) of a rough surface after exceedinga critical carrier
density level that creates a dense free-electron-plasma on the surface of the material
[Appl. Surf. Sci. 257, 5420 (2011), IEEE J. Sel. Top. Quantum Electron. 23, 09-23
(2017)]. A subsequent thermal diffusion process and electron—phonon scattering
occurs due to the temporal evolution of the electron and the lattice temperatures
through the coupling parameter y. The relationship of formed LIPSS structure period
Avipss With the incident beam wavelength A, angle 6, and the surface plasmon
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wavelength Asp was derived from a single-pulse laser experiment as [Opt. Express 19,

9035-43 (2011)]:
A Agp

Avipss = 357 —sin @ (12)
(eatem)™?
Asp = XR [ ede;;n ] (13)

where €”m, €4 are the permittivity’s of the metal and the surrounding dielectric medium.
Asp is derived from the boundary conditions of the mediumandtargeted metal plasmon
wave vector. The formation process can also be performed with multiple laser pulses
which will accumulate more energy locally, increase the ripples’ peak-to peak depth,
and reduce the ripples’ period. The increase of the accumulated fluence has a quadratic
effect on the frequency of the collisions which triggers an increase in the real part of
the dielectric constant of the metal, and as a result, the ripples reduce in period with
the risk of completely disappearing at high fluence accumulation [Front. Phys. 10,
861098 (2022)].

However, as the pulse number increases, the accumulated fluence will increase
and a periodic high-spatial-frequency LIPSS (HSFL) structure starts to appear due to
the addition of the plasmonic excitation, which continuesto take effect until reaching
the ablation threshold where the heat accumulation would stop the formation of the
HSFL. We used a fiber-based high-repetition rate femtosecond laser with a central
wavelength of 2=1030 nm to cover the Ta’s surface with radially and azimuthally
directed LIPSS. The laser system generates 37 fs pulses with an energy of 30uJ/pulse
ata 150 kHz repetition rate as shown in Fig.14. We estimated the peak fluence of the
irradiating focused laser beam, with d=70 um spot size on the target’s surface to be
Fr=0.8J cm2. The peak fluence of laser beam F» is calculated using the relation:

Fp = 4E/nd?, (14)
where E is the laser pulse energy. Fluence is one of the main parameters for the
modification of surfaces by femtosecond laser pulses. During this study, we used a
moderate fluence of the ablating beam. The high fluence of the ablating beam can either
destroy the nano-ripple structures or deposit small-sized nanoparticles of the same
target material on the ripples. By applying 0.8 J cm2 fluence of ablating pulses, we
observed nanoripples on the surfaces of Ta withoutany deposition of nanoparticles on
the irradiated surface far from the central area of the sample.

The linearly-polarized laser beam was focused perpendicularly on the sample’s
surface, with the normal to the surface being alongthe incident light propagation. The
width of the scanning line was equal to 70 um, which corresponds to the spot size of
the focused laser beam. After structuring the samples, their surface morphology was
characterized using a scanning electron microscope (SEM, Tescan). The samples we
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used were Ta sheetswith the dimensions 30x30x0.5 mm3. The samples’ surfaces were
cleaned with ethanol before the laser ablation.

Fig. 14. (a) Experimental setup for the creation of
radially and azimuthally oriented LIPSSs on the
surface of Ta using 150 kHz repetition rate and 37 fs
pulses. Faro scan head system (SH), which uses F-
theta lens (FL = 160 mm) providing uniform fluence
over the working area, was combined with the
femtosecond laser source. (b) Far-field SEM image
(left) and a colorful optical image (right) of the
irradiated surface of Ta sample [J. Phy. D: App. Phy.
54, 185109 (2021)].
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The upper panel in Figure 15 shows the SEM images and polarizations at the
specific surface locations (marked with numbers and yellow dashed lines) of the first
sample, where the polarization of the laser radiation was parallel to the scanning
direction of irradiating pulses (red arrows). To switch the polarization direction of the
ablating pulses from being parallel to perpendicular with respect to the scanning
direction, we used a half-wave plate installed before the SH. The bottom panel of
Figure 15 represents the SEM images of the surface locations of the second Ta sample,
where the polarization of the ablating pulses was perpendicular to the scanning
direction. In this case, we observed ripples that are directed radially relative to the
center of the ablated area. Surface morphology measurements were performed on the
marked areas shown in Figure 14(b).

NN Bl gy BE==E B Fig.15. The SEM images of the
NN i 7k marked locations corresponding to
™y e = =il 5 positions 1-8 in figure 14(b) on the
b outer circumference of the irradiated
Ta disk, with different polarization
orientations of the laser pulses [J. Phy.
D: App. Phy. 54, 185109 (2021)].

We have presented results on covering Ta samples, for the first time, with azimuthally
and radially directed LIPSS. We have demonstrated the advantage of combining the
SH and the rotation stage in forming complex LIPSS on the metal’s surface using high
repetition rate (150 kHz) irradiating femtosecond laser. Rotating the target sample
allowed for changing the polarization direction of the ablating pulses relative to the
scanning direction. A 20 mm diameter disk of the ablated metallic surface was covered
with parallel and perpendicularly directed ripples created by rotating the samples
during the scanning process. Two different zones of LIPSS were formed on the surface.
The first zone has HSFL with periodicity (AnsrL~0.4+0.2um) and the second one has
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LSFL with periodicity (ALsr.=1.5+0.1um). Besides tuning the optical reflectance
based on the laser-induced surface nanostructuring, the hydrophilic behavior of the
complex LIPSS on the surface of Ta was demonstrated. We measured the wetting
properties of the laser-treated Ta surface and found it to be hydrophilic with a WCA
equal to 23°x£5°. The formation of complex laser-induced periodic structures allows for
controlling the wetting properties of the Ta and improves its tendency for cell adhesion
and proliferation when used as implant. Our method can be easily extended to other
metallicand dielectric materials where forming such complexstructureson the surface
expands the utilization of those materials in a wide range of applications.

In our work [Appl. Sci. 10, 6207 (2020)] we demonstrated how nanostructures
(LIPSS) produced by ultra-short laser pulses can change the optical diffractive effects
leading to the generation of angle-dependent colors on steel, copper, aluminum, and
brass surfaces. We presented a simple process of re-coloring aluminum to prove the
sustainability and reusability of the processed samples. We analyzed the wettability
properties of such surfaces and demonstrated the relation between these properties and
the lasting coloring of surfaces. We also demonstrated how a superhydrophobic
aluminum surface can be developed by femtosecond laser processing when stored in
vacuum for a number of hours after the laser treatment. Stainless steel, brass,
aluminum, and copper plates were irradiated at different speeds by the scan head. Brass
sample was 5 mm thick; the thickness of the other processed samples was ~2 mm. The
surfaces of samples were cleaned with isopropanol before irradiation.

(a) (b) Fig. 16. (a) Experimental setup for

metal surfaces treatment using a

% | femtosecond _Iaser at power 4.5 W,
" B pulse duration 40 fs, ceflt_ral
wavelength 1030 nm, and repetition

F Theta Lens®" “ rate 150 kHz coupled with a scan head

b (SH) containing an F-Theta objective
(b) 3DMS lens [App. Sci. 10, 6207 (2020)].

A scanning electron microscope (SEM) was used to characterize the surfaces of
different treated samples. The surface optical characteristics were analyzed using the
experimental arrangement shown in Fig.16(b). The horizontally mounted sample was
illuminated by an un-polarized light source with continuum spectrumin the visible
spectral range, which was transformed to a parallel beam by two lensesand an aperture.
In our study, the incident position angle (o) was fixed at 20°. To inspect the colorizing
effect of the treated area, the spectra of the scattered light from different angles ()
were measured by a fiber optics spectrometer (Flame, Ocean Optics). Color pallets of
different metals are shown in Fig.17. Pallets (a—d) correspondto stainless steel, copper,
aluminum, and brass samples, respectively. All samples were prepared at different scan
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speeds to optimize LIPSS for the observation of different colors. The optimal scanning
speeds for stainless steel, brass, aluminum, and copper were 350, 400, 500, and 450
mm/s, respectively. Pictures of the samples were taken in sunlight at fixed incident
position (.= 20°). The angle of sample observation was changed from 0°to 40° when
different colors were observed. The processing times for disks of 20 mm diameter of
stainless steel, brass, aluminum, and copper were 15s, 14s, 115, and 12 s respectively.
The measurements of the angle-dependent color reflectance from the surfaces were
conducted using the setup shown in Fig.16(b). The broad-bandwidth emission from the
tungsten lamp was directed on the laser-treated area of the sample and the diffracted
light was measured using the fiber spectrometer at different angles with respect to the
normal of the processed surface. The diffraction equation:

mA = d (sina + sinp) (15)
was used to determine the direction from which the different colors resulting from
LIPSS were viewable. Here m is the diffraction order, 1 is the wavelength, d is the

LIPSS spacing, ais the angle of incident light, and  is the angle of diffracted light.
Stainless Steel (a) l - [ { | [ E] ] W -
Copper (b) - - - [_l L_J -

B E

S ] | -

Aluminum (c)

30°

B

Fig.17. The color pallets are taken from processed (a) stainless steel, (b) copper, (c) aluminum, and (d) brass
by digital camera at different viewing angles. The scanning speeds for stainless steel, copper, aluminum, and
brass were 350, 400, 500, and 450 mm/s, respectively. The fluence of the laser beam was 1.0 J/cm?. As B
increased, colors shifted towards the longer wavelength region of the visible spectrum. The incident light
angle was around 20 degrees. Scanning electron microscope (SEM, TESCAN Vega 3) images show that all
angle-dependent colors were features of the periodic structures imprinted on the surface of each metal. The
directions of all nanoripples were orthogonal to the polarization axis of the laser beam. The distance between
nanoripples was measured by SEM and was found to be approximately 1 um, which is very comparable to the
wavelength of the used femtosecond laser [App. Sci. 10 (18), 6207 (2020)].

The spectral analysis of the treated aluminum, copper, and stainless-steel surfaces are
shown in Figs.18(a)—(c). These graphs show a very consistent pattern for all metallic
samples and hence serveas evidence of reflectance similarities due tothe same LIPSS
on different metallic surfaces. Meanwhile, in the case of non-treated surfaces
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(Figs.18(d)—(f)), the reflectance spectra remain the same at different angles of
observation, contrary tothe case of treated surfaces (Figs.18(a)—(c)). Besides showing
the ability to produce new colors on the pristine samples, below we demonstrate that
the color on the surface of processed metals can be erased and re-colored by using the
same laser radiation. As shown in Figure 19, a sample of aluminum was made dark
golden (A) and then erased to restoreit to almostits original color. The same sample
was then colored to a whitish color (B), part of which was erased again, and colored
to the black semi-circle (C). We demonstrated the appearance of permanent and angle-
dependent colors using femtosecond laser surface structuring of aluminum, coppet,
steel, and brass through the formation of laser-induced periodic surface structures and
non-periodic nano/microstructing. We showed that both these groups of colored
species can be either erased or re-colored usingan additional step of laser processing.
The process of material surface restructuring was attributed to the SPP excitation and
its interference with the incident laser irradiation. This interference resulted in the laser
intensity redistribution across the surface and its periodic pattemning. The scanning
speed was found tobe a key factor in determining the resulted optical properties of the
generated structures.

Fig.18. Reflectance spectra from the treated surfaces [(a)

E:: % aluminum, (b) stainless steel, (c) copper] and non-treated
4 i surfaces [(d) aluminum, (e) stainless steel, (f) copper]. Different

eflectance (arb.
g

curves on each graph correspond to different angles of
observation. One can see that, in the case of non-treated
g ; surfaces, the reflectance spectra remain the same at different
| * angles of observation, contrary to the case of treated surfaces.
o R B The colorsin (a—c) correspond to the colors viewable by eye at
|y [ e the corresponding angles. The angle () ranged from 0° to 40",
! where 0° corresponds to the position of the spectrometer when it
" is perpendicular to the sample. As B increased, longer
e wavelenaths were detected [App. Sci. 10, 6207 (2020)]1.

128] (b) Treated stainless steel

Reflectance (arb. units)
-

There is an optimal scanning speed at which the pre-modified surface structure can
serve as feedback for each subsequent pulse, which enhances the accuracy of the
produced LIPSS in a multi-pulse regime. The relation between the spectral reflective
properties of different colored metals and the wettability of the processed metal
surfaces was also studied. We demonstrated the possibility to simultaneously tailor the
coloring as well as the wettability properties of metals by optimizing the set of laser
parameters employed in the processing. Furthermore, vacuum storage of the laser-
treated samples dramatically changed their wettability response from hydrophilic to
superhydrophobic, lasting permanently even after leaving the vacuum-stored sample
in an ambient atmosphere. Vacuum ageing allows the surface energy of the sample to
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be changed via desorption of the oxide layer followed by adsorption of carbon species
from the surrounding environment. Oil-water separation has great consequences for
both the environment and the economy. We presented in [Front. Chem. 8,768 (2020)]
the transformation in wettability response underwater, altering from being extremely
attracted to water and repelling oil to being extremely attracted to oil and repelling
water by utilizing ultrashort femtosecond laser to nanostructure stainless steel and
copper meshes. Our method is eco-friendly, free of chemicals, and effectiveas it takes
advantage of agingthe processed samples in a high vacuum setting. We fine-tuned the
laser beam scanning parameters, mesh pore size, and aging conditions to achieve
exceptional separation efficiency of 98% for the mixture of oil and water for
manufactured meshes.

e ) Fig.19. Demonstration of erasing the color from the treated
' sample and formation of new colors produced on the erased
surface of aluminum. Panel (a): original sample; panel (b):
explanationof panel (a): A, initially created dark goldendisk. B,
whitish color after erasing dark golden color, C, black semi-
circle after erasing whitish color, D, light golden strip after
erasing whitish color, and E, dark golden color painted on the
whitish color. The scanning speeds for dark golden, white, black,
and light golden were 70 mm/s, 1500 mm/s, 10 mm/s, 200 mm/s
(two runs) respectively. Thefluence of the laser beamwas in the
range 0.5-1.0J/cm? Figure 5b represents the images of A, B, C,
D and E parts, respectively [App. Sci. 10, 6207 (2020)].

Different meshes resulted in varying water and oil contact anglesin relation to the scan
speed at which the samples were scanned. Meshes made of stainless steel with a size
of 150um and copper meshes size of 100 um have shown great performance for oil-
water separation. Vacuum treatment led to a quick transition of wetting state from
highly attracted to water to extremely water repellent, which is attributed to the fast
adsorption of hydrocarbons onto laser-etched surfaces due to lack of any water
molecules presence in the vacuum chamber. We created surface structures on stainless
steel meshes at different scanning speeds. Stainless steel (SS) meshes (50, 100, 300,
and 500) with different wire thicknesses and pore sizes were selected for LIPSS (see
left column of Figure 20). In all panels, the orientation of the LIPSS was at right angle
to the laser polarization. At higher scanning speed the depth of the periodic structures
was noticeably less. SS meshes50, 100, 300, and 500 have wire diameters of 200 um,
100 um, 30 um and 25 pum and pore sizes of 400 um, 150 um, 50 pm 30 pm

respectively. Based on the laser parameters, the structured surface can undergo
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ablation through either spallation or phase explosion mechanisms [Appl. Surf. Sci.
255, 9724 (2009)]. Spallation involves the removal of large liquid or solid particles
due to the relaxation of laser-induced stresses, while phase explosion, also known as
explosive boiling, occurs when materials are removed due to the explosive
decomposition of superheated regions on the target surface [J. Phys. Chem. C 113,
11892 (2009)].

Scanning speed (mm/s)

Mesh # 100 300 600 900 1200
Fig. 20. SEMof SS meshes structured
at different scanning speeds (100-

o ,...-. 1200 mm/s). Laser induced periodic
S surface structures (LIPSS) were

2 observed at different scanning speeds

—— for various mesh sizes with a period

N : of ~lpum. NT is for non-treated

S\ surface [Front. Chem. 8, 768 (2020)].

At scanning speed of 100 mm/s for SS meshes 300 and 500, we observed the formation
of micro-pores and the redeposition of micro-particlesacross the LIPSS. However, at
scanning speeds of 300 and 600 mm/s, uniform LIPSS with a period of approximately
1 um were formed on all mesh types. Compared to non-treated (NT) mesh surfaces,
laser structured surfaces were full of LIPSS, significantly enhancing the surface
roughness. We measured the contact angle of the laser-treated surfaces right after the
ablation, the treated meshes exhibited a superhydrophilic charactiristics, as depicted in
Fig. 21. Thisresponse is attributed to the formation of a metal oxides layer during the
ablation process. The water contact angle for the freshly ablated metal meshes was ~0-
and the water droplet permeated through the mesh in ~0.1ms, revealing
superhydrophilic behaviour.

Fig. 21. Wettability of femtosecond laser
structured mesh demonstrating (a)
superhydrophilic behavior in air and (b)
underwater-superoleophobic characteristics
[Front. Chem. 8, 768 (2020)1.

Those superhydrophilic meshes exhibited a superoleophobic behaviour under water,
with oil contact angle (OCA) extending from 155 to 163° across all scanning speeds
and metal mesh types. Following a 60-day exposure to the ambient air or a 4-hour
aging period in vacuum, the laser treated meshes became superhydrophobic. Figures
22 shows the values of the contact angle for different SS laser treated meshes prepared
at scanningspeeds 100 mm/s - 1200 mm/s. The water and oil contact anlges were
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measured by applying droplets of 5 ul volume of water and oil (n-hexane) on the
treated regions of the meshes. Wetting characteristics of the samples aged in vacuum
or air to thefreshly treated surfaces were found significantly different. For SS 50, 100,
and 300 meshes oil permeated, whereas for the SS 500 mesh, the oil contact angle was
close to 0 degrees, and the oil did not permeate the mesh but rather spread evenly due
to capillary action in LIPSS for both air aged and vacuum aged meshes. Laser treated
meshes concurrently showed enhanced hydrophobic and oleophilic characteristics
irrespective of aging environment.As the laser scanning speed increased, the oil
permeability slightly decreased, while still exhibiting oleophilic characteristics.
Copper meshes with pore sizes of 100, 500, and 800 um and wire diameters of 50, 250,
and 400 um, respectively, were treated with a femtosecond laser and then exposed to
air and vacuum conditions.

...............................

{Water Contact Angle : 5 Oil Contact Angle

h
P Mesh# 504 1004 3004 8004 S04 1004
H

o o] I B ' ( ]
’ -Q—Aio-a«_ﬂi c_ | | Fig. 22. Water contact angle

CVE| VIS v chu and oil contact angle

~m A _Q, A __Q_ ﬁvd____— measurements of SS meshes

:7: (50#, 100#, 300#, and 500#)
5 Zwu \ 55‘@ ﬁ stored in vacuum for 4 h after
¥ AAA.Q_ , [] - | ; structuring with a
L g 5 femtosecond laser at scan
‘ m

m speeds of 100-1200 mm/s
[Front. Chem. 8, 768 (2020)].

Fig. 23. SEM images of three copper meshes
(100, 500, and 800um pore sizes) structured
by a femtosecond laser at scanning speeds of
100 and 300 mm/s. Laser treatment allowed
the formation of LIPSS and rough surface
structures. Some regions remained non-
textured for meshes of 500 and 800um pore
sizes at scanning speeds of 300 mm/s. Note:
NT stands for non-treated mesh [Front
Chem.8, 768 (2020)1.

100 pm copper

S00 pm copper

800 pm copper

The laser treatment resulted in the formation of grayish-black laser-induced
structures on the copper meshes, altering their surface appearance. Scanning the 100
um copper mesh at a speed of 100 mm/s led to the creation of LIPSS covered with
micro and nanoparticles, with an average ripple period of approximately 1 pm.
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However, for the 500 and 800 um copper meshes treated at a scanning speed of 300
mm/s, non-textured areas similar to the pristine copper mesh were observed.
Furthermore, at a scanning speed of 300 mm/s, random nanostructures with protrusions
were detected along the laser beam path. Water and oil contact angle measurements
were conducted on the laser-structured copper meshes treated at two differentscanning
speeds and then subjected to vacuumaging for 4 hours and air aging for 60 days. The
100 um copper mesh exhibited a strong superhydrophobic response at a scanning speed
of 300 mm/s after vacuum storage, with a water contact angle of 153.2°. In comparison,
air-aged samples under similar conditions achieved a water contact angle of 135.7°.
This trend of higher water contact angles after vacuum storage was consistent for all
copper meshes and scanning speeds.

The oil drops seep through the mesh, demonstrating a superoleophilic
charactiristics. The laser-treated 500 and 800 um copper meshes also exhibited
hydrophobic behavior after air and vacuum aging. Copper mesh of 500 um treated at
scanning speeds of 100 and 300 mm/s showed contact angles of 145.2° and 141.1°
respectively, after aging in high vacuum, whereas samples aged in air exhibited smaller
water contact angles (134.2° and 132.7°, respectively).

The 800 um mesh prepared at 100 mm/s showed water contact angle of 137.2° (aged
in vaccum) and 126.8° (aged in air). Meanwhile, the oil contact angle of the samples
exhibited high penetrability for oil, showing superoleophilic behaviour.

Fig. 24 shows the ATR-FTIR spectra for the laser structured stainless steel and
copper metal surfaces before and after vacuum aging for samples prepared at scanning
speeds of 100 mm/s.

A B |

. Fig. 24. ATR-FTIR spectra of the
iy Laser treated (A) SS and (B)

sl Copper before and after vacuum
11 aging [Front. Chem.8, 768 (2020)].

The infrared (IR) spectroscopy results indicate that the laser-treated samples lack major
IR modes in specific regions (2,800 -3,000 and 1,100-1,750 cm™), which are typically
associated with hydrocarbon which are present on the surface. This observation is
consistent with the strong hydrophilicity of the laser-treated samples immediately after
structuring. However, the signatures of surface hydroxyl groups and adsorbed water
are weak and difficult to detect by using ZnSe crystal. Whereas, in the case of
attenuated total reflection (ATR) spectra for the laser-treated metal surfaces aged in
vacuum, the IR modes associated with the adsorption of hydrocarbons were seen.
Specific bands appeard at 2,960, 2,923, and 2,858 cm™!, which are assigned to C-H
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stretching modes for aliphatic -CHs and -CH.- moieties. These bands are also linked
with the ucrs bending mode at 1,370 cm™!. Futhermore, signatures appeared at 1,460
cm™!, assigned to the uc=c stretching modes. Moreover, the vacuum-treated copper
sample displayed additional bands at 1,720 and 1,169 cm™!, which were assigned to
C=0 and C-O-C stretching modes, respectively. In summary, the storage of laser-
treated metal surfaces in the vacuum chamber accelerates the adsorption of organic
hydrocarbons on the surface, leading to the superhydrophaobic behavior witnessed on
the vacuum aged mesh surfaces.

We demonstrated that manufacturing superhydrophobic superoleophilic laser treated
meshes when aged in high vacuum s highly effiecient method for oil-water separation
applications. We also showed the materialization of wettability characteristics that beat
those reported formerly using picosecond pulses, which also used air, vacuum, or
carbon-rich atmospheres as storing surroundings [J. Laser Appl. 27, S29107 (2015)].
The highest water contact angle, using picosecond laser pulses, was reported to be 120°,
while in our case of the vacuumaging of the copper meshes processed by 36 fs pulses,
the contact angle value was obtained up to 153.5°, thus demonstrating the super
hydrophobicity behavior of our samples. The higher value of water contact angle in
our study can be ascribed to the formation of deeper periodic surface features with
sharper edges of the nanoripples fabricated by femtosecond pulses. These structures
exhibit stronger local fields near the sharp-edged nanoripples, which enables them to
adsorb larger amounts of hydrocarbons from oily contaminants in vacuum pumps or
on the walls of the vacuum chamber compared to structures formed by longer
(picosecond) pulses.

-

Fig. 25. Demonstration of oil-water separation
using laser structured and vacuum-aged copper
mesh prepared at a scanning speed of 300 mm/s.
The water is dyed with methylene blue for better
identification of the two liquids. Oil passes through,
while water retains above the mesh that possesses a
superhydrophobic-superoleophilic  characteristic
[Front. Chem.8, 768 (2020)].

The copper and stainless steel meshes produced in our study, which demonstrated
superhydrophobicity and superoleophilicity after aging in vacuum and air, can be
substantiated for separating oil-water mixtures by stoppingwater while permitting oil
to permeate. Fig. 25 demonstrates the capability of the laser-structured copper mesh,
aged in vacuum, for separating oil-water mixtures. The mesh was positioned so that
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the laser-treated surface faced the mixture. The oil-water mixture, with water dyed
methylene blue for identification, was poured onto the laser-structured mesh, which
has high permeability for n-hexane (oil). Upon pouring the oil-water mixture ontothe
laser-structured surface of the copper mesh, the oil permeated through the mesh and
was collected in the beaker under the tube, while water was blocked in the tube above
the mesh (as seen inthe right panel Fig. 25). The oil permeated the mesh in 15 seconds
and was driven by gravitational force. The permeate flux (F) was 50 Lm~h"!, and
separation efficiency of 98%, with little or no water passing through the mesh.

Our systematic study on the pore size and thickness of the SS and copper meshes,
laser scanning speed, and aging environments provided guidance for using
femtosecond laser-structured meshes for oil-water separation with exceptional
efficiency of 98% and higher. The wettability state transition from superhydrophilic
underwater-superoleophobic to superhydrophobic—superoleophilic of metal meshes,
fabricated by femtosecond laser was achieved through rapid, facile, chemical-free,
echo friendly, and novel vacuumaging techniques, exhibiting a contact angle of 153.5°
and an oil contact angle of 0° respectively.

In [Appl. Phys. A 126, 62 (2020)], we examined the hydrophobic and hydrophilic
properties of the plane and curved surfaces of different materials ablated using 5 ns
laser pulses in air. The difference in the contact angles between liquid and surface of
the modified graphite and AINiCo alloy rods using different fluencies of the ablating
pulses are demonstrated. The wetting contact angle of ablated graphite rod was found
to be 147°, i.e., the modified curved surfaces demonstrated the superhydrophobic
properties. On the other hand, the superhydrophilic properties, with 7° wetting contact
angle, were demonstrated in the case of ablated aluminum alloy. A schematic model
was proposed for the application of the graphite rod as a membrane for the oil-water
separation.

In another work [Front. Chem. 9, 792641 (2021)], we grew NaAlSi2O¢H:0
zeolite on femtosecond laser-treated stainless steel (SS) substrates. We used SEM,
EDX and XRD to analyze non-treated steel meshes, zeolite-coated meshes, and laser-
structured meshes. Contactangle of non-treated steel meshes, zeolite-coated meshes,
laser-structured meshes, and zeolite-coated laser-structured SS-100 meshes were
measured for wettability characteristics. We observed enhanced superhydrophilic
performance in coated and structured specimens, with the zeolite-coated laser-
structured SS-100 meshes demonstrating a mean value of contact angle of 15° and
superior reusability and durability over an extended period. Additionally, the zeolite-
coated laser-structured SS-100 meshes were tested for oil-water separation and
showed greater effectiveness for oil-water separation. In particular, the separation was
driven by gravity in 18 seconds with a permeating water flux of 12,738 L-m-2-htand

separation efficiency of 95%. The functioning of the zeolite-coated laser-structured
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SS100 meshes for oil-water separation was checked practically. We poured 20 ml of
water—n-hexane mixture (1:1 by volume) on the SS mesh. The two liquids were
distinguished by coloring water with methylene blue dye. The total water flux through
the mesh and oil intrusion pressure was calculated by Eqs (16) and (17), respectively

[J. Mem. Sci. 608, 118201 (2020)].
74

F = (16)
AXt
where F is the permeation flux of water, V is the volume of the liquid permeated through
the mesh area A (m?2), and t is the total time of separation.

Cosf
Pipe = 2]/11/27 (17)

Pint IS the intrusion pressure (kPa), cun is the oil and water interfacial tension
(mN/m), 0 is the OCA (°), andd is the pore size of mesh (m). In these experiments, the
mesh was placed such that the structured and coated surface faces the downward
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Fig. 26. Above shows the effect of aging time on the water contact angle (WCA) (A) and OCT (B) of the
zeolite-coated laser-structured SS-100 meshes [Front. Chem. 9, 792641 (2021)].

The superhydrophilic surface property enabled water to pass through the mesh surface
in a fraction of seconds, while oil was repelled and prevented from passing through.
The oil-water separation mixture was driven by gravity and took only 18 seconds, with
a permeating water flux of 12,738 L-m2-h', resulting in a separation efficiency greater
than 95% and an oil intrusion pressure of 1.2 kPa. Figure 26 shows the water separation
efficiency for the zeolite-coated laser-structured SS-100 meshes after 15 cycles of
operation, revealing an average efficiency of 94.4% in the last cycle. These results
showed the durability and applicability of the zeolite-coated laser-structured SS-100
meshes for long term use. The demonstrated stability and reusability of these meshes
make them highly attractive for oil-water separation use in industrial processes.
In our work [Langmuir 39, 1815—1825 (2023)], asymmetric wettability Janus
membranes fabricated on copper foam and mesh were investigated in terms of
directional water transport and fog collection. To obtain a wettability difference, one
side of the membranes was treated by a femtosecond laser scanning process, which
transformed it to a super- hydrophilic (SHL) state, while maintaining the untreated
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surface hydrophobic (HB). The Janus structures allowed water to pass from the
hydrophobic surface to the SHL side and did not allow its transport in the reverse
direction. These anisotropic water penetration properties arose from a cross-sectional
wettability gradient created in the foams and meshes by laser irradiation. The
wettability gradient depended on the scanning speed of the laser treatment process. At
a very low scanning speed, the membrane became completely hydrophilic (in the case
of foam). Conversely, at a relatively high scanning speed, the thickness of the treated
areawas insufficient, as a result of which a drop of water adsorbed on the hydrophobic
surface could not reach the hydrophilic part of the membrane.

The optimal scanning speed at which the membranes demonstrated the properties
of a water diode was 50 mm/s. The effectiveness of water collection from frog by the
hydrophobic/hydrophilic Janus mesh-based system was higher (3.9 g/cm? h) compared
to that of the foam-based membrane (2.5 g/cm?h). The efficiency of fog—water
conversion decreased over time (t0 0.5 g/cm? h in 2 weeks) due to the absorbance of
organic contaminants, which degraded the superhydrophilicity of the treated surface.
Coating the samples with TiO- protected them from degradation for at least 60 days,
and restoring the samples’ superhydrophilicity was achieved by simply exposing them
to sunlight. We believe that theseresults can contribute to the further development of
fog collection systems to overcome water scarcity problems, especially relevant in
regions of deserts, coasts, and mountain ranges.

CONCLUSIONS

The main conclusions drawn from our studies are the following:

1. The numerical molecular dynamic simulations allowed insight knowledge of the
main mechanisms of NPs formation in water andthe existence of the optimal laser
irradiation parameters for producing Al based NPs of desired size, shape and
morphology.

2. Water environment resulted in a narrower and uniform size distribution of
nanoparticles as comparedtothat in vacuum. Significant changes in sizes and shape
of nanoparticles were observed after one month from ablation.

3. We have witnessed that the long laser pulses seem to be more efficient and
technologically relevant from the point of manufacturing uniform nanoparticles of
a possibly smaller size.

4. Glass surfaces deposited with Al-based NPs produced in water showed
superhydrophilic properties and the oneswith NPs deposited in vacuum possessed
superhydrophobic features.

5. Highest values in the spectral region of 400 nm of the nonlinear absorption
coefficients (B) and nonlinear refractive indices (y) were observed in the case of the

Al based NPs suspension produced by ablation of aluminium using picosecond
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pulses. Thevalues of nonlinear absorption coefficients () and nonlinear refractive
indices (y) of Al-based NPswere ~ 107 cm Wand 10-° cm? W respectively.
We have demonstrated that the in-situ formation of Al NPs in a vacuum followed
by the propagation of the driving pulses through the cloud of synthesized
nanoparticles resulted in enhanced harmonic yield compared with the application
of aluminium atoms and ions. Al NPs allowed the generation of the high-order
harmonics up to the 37th order using 40 fs pulses propagating nearby to the ablating
aluminium target.

We showed that permanent and iridescent colors of the metals and metal alloy
surfaces can be erased and re-colored by using a second stage of femtosecond laser
processing.

We demonstrated the possibility of simultaneously tailoring the coloring as well as
the wettability properties of metals by optimizing the set of laser parameters
employed in the processing.

We observed that the laser-ablated carbon rod membranes are excellent candidates
for the separation of water and oil mixture.

Ultrafast laser-surface nanostructuring, coupled with vacuum ageing, proved to be
an effective and rapid approach in achieving extreme superhydrophobic states in
different metals, which makes it suitable for a wide range of self-cleaning
applications.

Stainless steel and copper mesh nanostructured with optimized laser scanning
parameters, mesh pore size, and aging conditionsto produce membranes, exhibited
an efficiency of 98% for the oil-water separation.

Complex periodic azimuthally and radially directed LIPSS fabricated by ultrafast
laser on a large surface area of Tantalum (20mm) were presented. This is proven
to be very importantfor cell adnesion and proliferation when used as an implant.
Copper Mesh and Foam Janus membranes with opposite wettability characteristics
can be manufactured by femtosecond laser and can be used for efficient directional
water transfer and fog collection applications.

Laser-structured zeolite-coated steel meshes exhibited enhanced superhydrophilic
behavior and superior durability over an extended period for oil-water separation
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ABSTRAKT

Tdaurli materiallar sirtlarini lazer nurlanishi yordamida gayta ishlashda va bir
gator amaliy tadbiglarda lazer ablyasiyasi usulidan foydalanish mumkin. Ushbu amaliy
tadbiglar o’z ichiga nanozarrachalar sintez qilish, mikro-nano o’lchamli davriy
tizimlami hosil gilish, metallar sirtlarni organik bo’yoqlarsiz rangli shakl berish, gayta
ishlangan yuzalarning fizikaviy va kimyoviy xususiyatlarini nazorat qgilish, lazerli
plazma spektroskopiyasi va yupga qoplamalami o’stirish singari tadbiqlarni oladi.
Mazkur tadgigot ishi dolzarbligi impulsli lazer nurlanishining materiallar sirtlari bilan
o’zaro ta’siri natijasida metall va oksid nanozarrachalami sintez gilish, ulaming
husisiyatlarini tushunishtirish va potentsial go'llanilishini sohalarini aniglash bilan
bog’liqdir. Suyuglik holatdava vacuum sharoitida alyuminiy nanozarrachalarini lazer
nurlanishi yordamida hosil qilish bo'yicha tadgiqotlar olib borilgan. Bunda
nanozarrachalarni bilan goplangan sirtlarning namlash, ularning eritmalarining va
nanozarrachalardan tarkib topgan plazma mubhitlarining nochizigli optik
hususiyatlarining o’zgarishilari ko'rsatilgan. Ikki haroratli model bilan birlashtirilgan
molekulyar dinamika usullari yordamida alyuminiy nanozarrachalaming lazer
ablyasiyasi jarayonida hosil bo'lishi tahlil gilingan. Tadgigotda olib borilgan ragamli
simulyatsion usular suyug muhitda nanozarrachalar hosil bo'lishining asosiy
mexanizmlarini va kerakli o'lchamdagi va morfologiyadagi alyuminiy
nanozarrachalarini olish uchun optimal lazer nurlanish parametrlarining mavjudligini
aniglashga imkon bergan. Davomiyliklari nano-, piko- va femtosekund bo’lgan lazer
impulslari bilan gattig alyuminiy metal namunani ablatsiya gilish jarayonida hosil
bo'lgan nanozarrachalarning uchunchi-tartibli nochizigli optik xususiyatlari
aniglangan. Bunda to’lgin uzunligi A=400 nm va davomiylgi 40 fs lazer nurlanishi
impulslari yordamida namunaning nochizigli sinishi va yutilish koeffitsientlari mos
ravishda ~ 10° sm? W va 107 sm W1 ga tengligi aniglangan. Alyuminiy
nanozarrachalaridan tarkib topgan nishoni sirtida uyg’otilgan lazer plazmasida
davomiyligi 40 fs lazer nurlanishining yuqgori tartibli 37-harmonkasigacha bo’lgan
kogerent nurlanishi manbai o’lchangan. Tadgiqotda metallar sirtlarida lazer
nurlnanishi ta’siri ostida o’lchamlarini boshqarish mumkin bo’lgan nano/mikro
o’Ichamli tuzilmalarning shakllanishi, va ularning optik va namlash xususiyatlarini
boshgarish imkonini beruvchi omillar aniglangan. Mazkur nano/mikro o’lchamli
tuzilmalarning biomoslashuvchan materiallar yuzasidashakllanishi, xususan, ulaming
fan va texnikaning turli sohalarida qo'llanilishini kengaytirishi mumkin. Metall
yuzalarda murakkab nano-o'lchamli tuzilmalarni hosil gilishda to'lgin uzunligi 1030
nm va davomiyligi 37 fs bo’lgan yuqori takrorlanish chastotasiga ega lazer
nurlanishlaridan foydalanish imkoniyatlari ko’rsatilgan. Lazer bilan ishlov berilgan
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sirtlarning optik xususiyatlari va ularning namlanish xususiyatlari o'rtasida
korrelyatsiya aniglangan. Yog’ va suv eritmalarini ajratish uchun yuqori namlash
xususiyatlariga ega membranalamni lazer nurlanishiyordamidatayyorlash ekologik va
igtisodiy ahamiyatga ega ekanligi ko’rsatilgan. Yuqori quvvatli, o'ta tezkor
femtosekundli lazer yordamida zanglamaydigan po'lat va mis to'rlarni sirtlarida xosil
gilingan nanostrukturalarga ega namunalar yugori namlash xusisiyatlariga ega
ekanliklari aniglandi va ularning atrof-muhitga zarar etkazmaydigan, kimyoviy
moddalarsiz va samarali namunalari sifatida gollash mumkinligi tasdiglangan. Yog *-
suv aralashmasini yugori 98% samaradorlik bilan ajratish imkonini beruvchi
membranalarni ishlab chiqgarish uchun lazerli skanerlash parametrlari, tor
g'ovaklarining o'lchami va namunalarning emirilishga chigamlilik sharoitlari
optimallashtirilgan.

52



KIRISH
Mavzuning dolzarbligi va zaruriyati. 1960-yillardalazerlar paydo bo‘lganidan

beri lazer ablayatsiyasi va lazer yordamida strukturalash ko‘p o‘n yillar davomida keng
o‘rganilgan. Biroq, chirplangan impulslarni kuchaytirish (Ch1K) texnikasi va yudori
energiyazichligiga ega materiallaming kashf etilishi bilan tadgigotchlarning gizigishi
keskin oshdi. ChIK rejimini qo‘llash deyarli bir necha o‘n femtosekundgacha bo‘lgan
gisqga lazer impulslarini hosil giladi. Ushbu impulslar juda past energiyaga ega bo*lsa-
da, eng yuqori quvvati teravattdan oshadi va 10'® W/sm? yoki undan yugori
diapazondagi intensivlikni tashkil gilishi ham mumkin. Bu 10! V//sm elektr maydoniga
to‘g‘ri keladi. Bunday yuqori pik quvvativa gisga impulslaring lazer-materiya o*zaro
ta’sirining asoslari juda murakkab va turli mexanizmlami tushunishni kafolatlaydi,
chunki impulsning davomiyligi elektron-ion energiyasini uzatish vaqtidan, panjaraning
issiqlik o‘tkazuvchanligi vaqgtidan va namunaning gidrodinamika vaqtidan ancha
gisgarog.

Ultragisqa impulslarning yugori maxsimal intensivligi nochizigli jarayonlarga
olib keladi va kuchli elektr maydon ionlanishi va elektron ta’sir ionlanishi sodir
bo‘ladi. Intensivlikka garab, femtosekund rejimida ablyatsiyaning ikkita mexanizmi
sodir bo‘ladi, ular kulon portlashlari va termal bug‘lanishdir. Past intensivlikda,
ablyatsiya ostonasiga yagin joyda, kulon portlashlari (yumshoq ablyatsiya) ustunlik
giladi, yuqori intensivlikda esa termal bug‘lanish (gattig ablyatsiya) ustunlik giladi.
Kulon portlash rejimida impuls uchun fagat bir necha nm materiallar chigariladi va
termal bug‘lanishda impuls uchun kattaroq kattalikdagi material chigariladi. Plazma
harorativa elektron zichligi ta’sirini tushunish har ganday nishonning lazerli ablyatsiya
mahsulotlarini optimallashtirishda juda muhimdir.

Lazer ablyatsiyasi bir nechta materiallarni gayta ishlash va analitik tatbiglarda
go‘llanilishi mumkin. Ushbu tatbiglar orasida nanozarrachalar hosil gilish, mikro-nano
tuzilma, metallarni bo‘yash, yuzalarning namlash xususiyatlarini nazorat gilish, lazerli
parchalanish spektroskopiyasi va impulsli lazer changlatishlari kiradi. Impulsli lazer
ablyatsiyasi turli metall va oksid nanozarrachalarini (NZ) sintez gilishda keng
go‘llaniladi. Biroq, lazer impulsining davomiyligi, energiya ogimi, atrofdagi muhit
turi, suyuqlik harorati va nurlantirilgan nishonlarning xususiyatlari kabi ko‘plab
omillar NZ xususiyatlariga ta’sir giladi. Nanozarrachalar tibbiyot sohasida saratonni
erta aniglash va davolashni yaxshilash, optik sensorlar, optoelektronika, yupga
plyonkalar va energiya manbalarida qo‘llashda o‘z o‘rnini topadi. Sintezlangan
nanozarrachalaming morfologiyasi va hajmi NZ o‘z ichiga olgan substratlar va
suspenziyalarning turli makroskopik xususiyatlarining o‘zgarishiga olib kelishi
mumkin. Shuning uchun NZ ning hosil bo‘lish mexanizmi nishonni hajmiy
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ablyatsiyaning turli rejimlarida o‘rganilishi kerak. Shu magsadda suyuq muhitda
(suvda) alyuminiy nishonining turli nurlanish parametrlarida lazerli ablyatsiya
jarayonini ragamli modellashtirish amalga oshirildi. Simulyatsiya natijalari bir
tomondan ularni tajriba o‘Ichovlar bilan to‘g‘ridan-to‘g‘ri tagqgoslash uchun ishlatilishi
mumkin, birog boshga tomondan lazer yordamida NZ hosil bo‘lishi bilan bog‘liq
jarayonlarning asosiy fizikasi hagida chuqurrog ma’lumot olishga yordam beradi. NZ
ning past va yugori tartibli nochizigli optik xususiyatlarini o‘rganish kichik o‘lchamli
agregatlarni nochizigli optikaning turli sohalaridaqo‘llashning amaliy va fundamental
tamoyillariga asoslanadi. Metall yuzalarni lazer yordamida olib tashlash jarayonida
hosil bo‘ladigan bu agregatlar ekstremal ultrabinafsha diapazonida yuqori tartibli
garmonikalarni hosil gilish uchun samarali vosita bo‘lib xizmat giladi.

Femtosekundli lazer bilan ishlov berish material yuzasida lokal nano o‘lchamdagi
tuzilmalarni anig nazorat gilish imkonini beradi, bu ularni juda samarali va ko‘p
funksiyali giladi, aynigsa rang berishda. Lazer yordamida bo‘yash atrof-muhit uchun
xavfsiz hisoblanadi, chunki u har ganday pigmentlar yoki kimyoviy moddalardan
foydalanishni yo‘q qiladi, shu bilan birga lazer nurlanish parametrlarini
optimallashtirish orgali kerakli natijalarga erishishda juda moslashuvchan. Yuqori
guvvatli gisga lazer impulslarining noyob qobiliyati deyarli barcha turdagi
materiallarni nano-migyosda modifikatsiya qilishi optika, optoelektronika,
mikrofluidika, rangli nagshlash va mexanikada turli xil yangi tatbiglar uchun katta
imkoniyatlar yaratadi. Lazerli sirt modifikatsiyasining yana bir go‘llanilishi metall
yuzalarning namlanish reaktsiyasini nazorat gilishdir, bu hozirda materiallarni lazer
bilan gayta ishlashga gizigish ortib borayotgan mavzudir. Sirtlarni intensiv lazerlar
yordamida suvni tortuvchi (gidrofil) yoki suvni gaytaruvchi (gidrofobik) qilib
o‘zgartirish mumkin. Bunday o‘zgartirilgan sirtlar o‘z-o‘zini tozalash, korroziyani
oldini olish, garshilikni kamaytirish, bakteriyalarga garshi, tumanga garshi, issiglik
uzatish, tribologiya, optik aks ettirish va neft-suvni ajratish kabi ko‘plab tatbiglarga
ega.

Moy-suvni ajratish katta ekologik va iqgtisodiy ahamiyatga ega. Yondirish,
yog‘sizlantirish va kimyoviy dispersiya kabi an’anaviy moyni ajratish usullari gisman
samarali, ammo ular ajralish effektivligini yomonlashtiradigan zararli qo‘shimcha
mahsulotlarni ishlab chigaradi. Femtosekundli lazer yordamida strukturalangan metall
to‘rlar, 2D membranalar yoki 3D adsorbentko“piklarning ho‘llash javobi ekologik toza
va yuqori ajratish samaradorligi xususiyatlariga ega. Moy va suv fazalari uchun
selektiv o'tkazuvchanlikka ega bo‘lgan membranalami suv ostida namlash hodisasida
o‘zini supergidrofobik-superoleofil yoki supergidrofil-superoleofobik tutishi orgali
olish mumkin.

Tadqgigotning xalgaro konteksti. Dunyo bo‘ylabko‘plab nufuzli universitetlar
va tadgigot markazlari kuchli maydon rejimi, xususan, ionizatsiya, nanozarrachalar
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shakllanishi, ko‘p funksiyali sirtlarni nanostrukturalash, YuTG va atomlar, molekulalar
va materiallarda elektronlarning o‘ta tez dinamikasini attosekund vaqt shkalasida
o‘rganish uchun kogerent ulrtabinafsha nurlanishlarni (XUV) qo‘llash sohasida
tadgiqotlar olib bormoqda. Ular orasida Maks-Plank ko‘p tarmogli fanlar institutining
Ultrafast Dynamics bo‘limi (Gettingen, Germaniya), Rochester universiteti lazer
energetikasi laboratoriyasi (LLE) guruhi (AQSh), Nanostrukturalar va Ultrafast X-Ray
Science guruhi ETH-Zurich (Tsyurix, Shveytsariya), MEPHI dagi Biotibbiyot
muhandislik fizikasi instituti guruhi (PhysBio), 115409 Moskva, Rossiya, Fizika
Instituti va fanlararo nanostruktura fanlari va texnologiyalari markazidagi guruh
(CINSaT), Kassel universitetidagi guruh, 34125 Kassel, Germaniya, Changchun
optika, fizika va nozik mexanika institutining nochizigli optika guruhi (Changchun,
Xitoy), Sharja Amerika universiteti (Sharja, BAA) Materialshumoslik va muhandislik
tadgigot markazi guruhi, Nanotexnologiyalar markazi guruhi, Munster universiteti
(Munster, Germaniya), Tokio universiteti (Tokio, Yaponiya) qoshidagi nochizigli
optika guruhi, Ilg‘or texnologiyalar markazi (Indore, Hindiston) qoshidagi lazer
plazmasi bo‘limi guruhi, Milliy Fan instituti guruhi (Monreal, Kanada), Imperial
kollejida YuTG spektroskopiyasi (London, Angliya), Nanolitografiya ilg’or tadgigot
markazida YuTG va EUB ilmiy guruhi (Amsterdam, Niderlandiya) va boshqgalar.
Mavzu bo‘yicha tadgigotning hozirgi holati.

Impulsli lazer ablyatsiyasi doimiy ravishda o‘sib borayotgan sohadir. Boshga
ko‘plab tatbiglar gatorida nanozarrachalami shakllantirish, ko‘p funksiyali sirtlami
tayyorlash, lazerli parchalanish spektroskopiyasiva YuTG ilmiy hamjamiyat uchun
katta qiziqgish uyg’otadi.

Nanozarrachalar va mikro-nano tuzilmalarni lazer ablyatsiyasi bilan
shakllantirish an’anaviy usullardan ustundir, chunki u hech ganday kimyoviy,
insonning bevosita teginishini 0°z ichiga olmaydi va ekologik toza usuldir.

Tadgigot mavzusini muassasaning ilmiy-tadqiqot faoliyati bilan bog*ligligi.
PhD tagdimnomasidagi asosiy tadgiqotlar Sharjadagi Amerika universitetining (BAA)
Materialshunoslik va Muhandislik tadgiqot markazida olingan va boshga bir gator
natijalar O’zbekiston, Latviya, Germaniya, Yaponiya va Rossiyaning turli
universitetlari bilan hamkorlikda olingan.

Tadqgigot ishining maqgsadi yugori takrorlanish tezligi ultra tez femtosekundli
lazerlar tomonidan gayta ishlangan mikro/nanostrukturali materiallarning shakllanish
mexanizmlari va yangi tatbiglari bo‘yicha nazariy va tajriba bilimlarni olishdir.

Tadgiqotning vazifalari quyidagilardan iborat:

¢ Suyuqlik vavakuumda alyuminiy (Al) asosidagi nanozarrachalaming (NZ) lazer
yordamida hosil bo‘lishini hamda ularning sirtlar, suspenziyalar va
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plazmalarining ho‘llanishi va nochizigli optik xususiyatlarini o‘zgartirish

qobiliyatini o‘rganish.

e Optoelektronika, optik cheklovchilar va fotonikada potentsial go‘llanilishi uchun
NZlarning nochizigli yutish va sinish xususiyatlarini, shuningdek ularning turli
optik xususiyatlarini tadgiq qilish.

e Metall nishonlar yuzasida lazer yordamida hosil gilingan davriy sirt tuzilmalari
(LIPSS) va nanospayklar shakllanishiga mos keladigan lazer parametrlari va
namunaga qo‘yiladigan shartlarni o‘rganish.

e Moy-suvni ajratish uchun femtosekund lazerimpulslari bilan gayta ishlangan turli
xil materiallarning metall to‘rlar, tekislik va egri sirtlarning namlanish
reaktsiyasini tadqiq qilish.

e YuTGni olish uchun lazer yordamida hosil gilingan nanozarrachalar bilan
boyitilgan fakelning go‘llanilishini o‘rganish.

Tadqgigotning ob'ekti - turli xil materiallar yuzasida lazer yordamida yaratilgan
nano-mikro tuzilmalar, havoda, vakuumda va suv ostida hosil gilingan Al
nanozarralari.

Tadqgigotning predmeti - turli materiallaming nano-mikro tuzilmali sirtlarining
namlanish xususiyatlari va optik xususiyatlari, Al NZ ning nochizigli optik
xususiyatlariva hosil bo‘lgan yugori tartibli garmonikalarning spektral xususiyatlari.

Tadgigotning usullari ham nazariy, ham tajriba usullarni oz ichiga oladi.
Nazariy usullar analitik molekulyar dinamika (MD) va diffuziya differentsial
tenglamalarida olingan ikkita harorat modeli (TTM) bilan simulyatsiyani 0°z ichiga
oladi. Nanozarrachalarni vakuumda va suv sharoitida yuqori quvvat, yuqori takrorlash
tezligi, gisga va ultragisga impulslaryordamida hosil gilishning tajribausullari. Turli
materiallar va metall to‘rlarni tekisliklar, egri sirtlarini femtosekundli tolali lazer
yordamida strukturalash. Tomchi shakli analizatori yordamida kontakt burchagi va
chekinish burchaklarini o‘Ichash orgali sirtlarning namlanish xususiyatlarini migdoriy
0‘lchash.

Tadgiqotning ilmiy yangiligi

e MD-TTM ragamli simulyatsiyalari kerakli o‘lchamdagi va morfologiyadagi
alyuminiy (Al) nanozarrachalarini (NZ) hosil gilish uchun lazer nurlanishining
optimal parametrlari hagida tushunchaga ega bo‘lish uchun ishlatilgan.

e 400 nm spektral sohada nochizigli yutilish koeffitsientlari (B) va nochizigli
sindirish ko‘rsatkichlarining (y) yuqori giymatlari birinchi marta pikosekundli
impulslar yordamida alyuminiyni ablyatsiya gilish natijasida hosil bo‘lgan Al
asosidagi NZ suspenziyasida kuzatildi. Al asosidagi NZlarning (B) va (y)
parametrlarining giymatlari mos ravishda ~ 107 sm W+ va 10° sm? WL,
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e Biz birinchi marta vakuumda Al NZ ning in-situ shakllanishi, sintez gilingan
nanozarrachalar buluti orgali harakatlantiruvchi impulslarning targalishi
alyuminiy atomlari va ionlari bilan solishtirganda yuqori garmonik rentabellikni
keltirib chigarishini anigladik. Al NZ lar 40 fs impulslar yordamida 37-tartibga
gadar yugori garmonikalarni hosil gilishga imkon berdi.

e Biz birinchi marta suvda hosil bo‘lgan Al asosidagi NZlarning cho‘kishi
supergidrofil xususiyatga ega ekanligini va vakuumda to‘plangan NZlaming
supergidrofobik xususiyatlarga ega ekanligini ko‘rsatdik.

¢ Biz birinchi martametallar va metall qotishmalari yuzalarining doimiy va yorgin
ranglarini ikkinchi bosgichli femtosekundli lazerli ishlov berish yordamida
o‘chirish va gayta bo‘yash mumkinligini ko‘rsatdik.

e Lazer bilan ishlov berilgan sirtlarning spektral aks ettiruvchi xususiyatlari va
ularningnamlanish xususiyatlario‘rtasidagi bog‘liglik birinchi marta ko‘rsatildi.

e Biz birinchi marta neft va suvni ajratish tatbiglari uchun membrana sifatida
ablyatsiya lazer impulslarining turli xil ogimlari yordamida gayta ishlangan
AINiCo gotishma novdalaridan potentsial foydalanishni o‘rnatdik.

e Mis va zanglamaydigan po°‘lat to‘rlarining galinligi, g‘ovak o‘lchami, lazemi
skanerlash tezligi va eskirish muhiti kabi qayta ishlash parametrlarini
optimallashtirish bo‘yicha tizimli tadgiqgotlar natijasida birinchi marta moy-suv
aralashmalarini ajratishda 98% samaradorlikka erishildi.

e O‘z-0‘zini tozalash tadbiglari uchun past bosimli muhitda eskirish orgali
femtosekundli lazerli strukturali metallar yuzalarining namlanishining
tezlashtirilgan o‘tishi ko‘rsatildi.

e Tantalning katta yuzasida (20 mm) ultratez lazer yordamida ishlab chigarilgan
murakkab davriy azimutal va radial yo‘naltirilgan davriy strukturalarni hosil
gilish  mumkinligi birinchi marta taqdim etildi. Bu implant sifatida
foydalanilganda hujayra yopishish va proliferatsiya tendentsiyasini yaxshilash
uchun juda muhimdir.

e Samarali yo‘nalishli suv o‘tkazish va tumanni yig‘ish tatbiglari uchun garama-
garshi namlanish xususiyatlariga ega femtosekundli lazer tomonidan ishlab
chigarilgan mis to‘r va ko‘pikli Janus membranalari namoyish etildi.

e Zeolit bilan goplangan po‘latdan yasalgan lazer yordamida hosil gilingan
tuzilmali to‘rlar yaxshilangan supergidrofil hodisasi va moy-suvni ajratish uchun
uzoq vagt davomida yuqori chidamlilikni namoyish etdi.

Tadqgigot ishning amaliy natijalari. Nazariy va tajriba tahlil natijalaridan Sharja
Amerika universiteti (BAA) qoshidagi materialshunoslik tadgigot markazida
nanozarrachalar hosil gilish va turli materiallarning mikro-nano strukturaviy sirtlarini
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gayta ishlash texnologiyasini takomillashtirishda foydalanildi. MD-TTM hisob-
kitoblari va ma’lumotlarni tajriba gayta ishlash uchun turli kodlar ishlab chigilgan va
hozirda Sharja Amerika universiteti (Sharjah, BAA), Latviya universiteti (Riga,
Latviya) qoshidagi nochiziqgli optika laboratoriyasida, Fizika instituti va tadgiqot
markazining Fanlararo nanostruktura fanlari va texnologiyasi tadgigot guruhlarida,
(CINsaT), Kassel universitetida, (Kassel, Germaniya), Voronej davlat universiteti,
Fizika fakultetida (Voronej, Rossiya) va Toshkent irrigatsiya va qishloq xo‘jaligini
mexanizatsiyalash muhandislari institutida (Toshkent, O‘zbekiston) faol
go‘llanilmoqda.

Tadqgigot natijalarining ishonchliligi ular zamonaviy hisob-kitoblar,
simulyatsiyalar va tajriba usullardan foydalangan holda olinganligi bilan tasdiglanadi.
Natijalarning ishonchliligi, shuningdek, olingan natijalaming tajriba ma’lumotlarga
mos kelishiga asoslanadi. Bundan tashqari, olingan natijalarning ishonchliligini yanada
ta’kidlash uchun tadgiqotchining barcha magolalarisirtiy jarayonlar, nanomateriallar,
nochizigli optika sohasidagi mutaxassislar tomonidan ko‘rib chigilgan va Q1 va Q2
kvartillariga tegishli bo‘lgan yugori reytingli jurnallarda nashr etilgan.

Tadgiqot natijalarining ilmiy ahamiyati. Nanozarrachalarning hosil bo‘lish
mexanizmi va mikro/nano strukturaviy sirtlarni qayta ishlash bo‘yichatadgigotning
nazariy va tajriba natijalari ko‘plab ekzotik tatbiqglarga ega. Lazer usuli bilan ishlab
chigarilgan nanozarralar yashil, toksik bo‘lmagan mahsulotdir, shuning uchun
saratonni erta aniglash va davolash, energetika, yupga plyonkalar, optoelektronika,
Raman spektroskopiyasi signalini kuchaytirish va boshga ko‘plab ilovalar uchun
qulay. Nanostrukturali sirtlar o‘z-0°zini tozalash, korroziyani oldini olish, garshilikni
kamaytirish, bakteriyalarga garshi, tumanga qarshi, issiglik o‘tkazuvchanligi,
tribologiya, optik aks ettirish, moy-suvni ajratish kabi turli xil materiallarning ko‘p
funksiyali sirtlarini ishlab chigarishda katta ahamiyatga ega.

Tadqgigot natijalarining joriy qgilinishi.

Tadgiqot natijalari ko'plab ilmiy magolalarda qo'llanilgan. Ular orasida “Ultrafast
fiber laser-induced fabrication of superhydrophobic and self-cleaning metal surfaces,”
S.A. Khan, et.al. Appl. Surf. Sci. 542, 148560 (2021) (75 ta iqtibos), “Expedited
transition in the wettability response of metal meshes structured by femtosecond laser
pulses for oil-water separation,” S.A. Khan, va b., Front. in Chem. 8, 768 (2020) (20 ta
iqtibos), “The mechanism of laser-assisted generation of aluminumnanoparticles, their
wettability and nonlinearity properties,” M. Igbal, vab., Appl. Surf. Sci. 527, 146702
(2020) (17 ta iqgtibos), “Superhydrophobic and superhydrophilic properties of laser-
ablated plane and curved surfaces,” G.S. Boltaev, vab., Appl. Phys. A 126, 1-9 (2020)
(12 ta iqtibos), “Near-field induced reaction yields from nanoparticle clusters,” P.
Rosenberger, vab., ACS Photonics 7, 1885-1892 (2020) (20 ta iqtibos), “Anomalous
formation of trihydrogen cations from water on nanoparticles,” M.S. Alghabra, va b.,
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Nat. Commun. 12,3839 (2021) (15 ta iqtibos), “Resonance enhancement of harmonics
in the vicinity of 32 nm spectral range during propagation of femtosecond pulses
through the molybdenum plasma,” V.V. Kim, vab., J. Phys. B: At. Mol. Opt. Phys. 53,
195401 (2020) (14 ta iqgtibos), “Giant third-order nonlinear response of mixed
perovskite nanocrystals,” A.M. Abu Baker, va b., Materials 15, 389 (2022) (12 ta
igtibos), “Enhanced XUV harmonics generation from diatomic gases using two
orthogonally polarized laser fields,” G.S. Boltaev, vab., Sci. Rep..11,5534 (2021) (12
ta iqgtibos), “Application of 150 kHz laser for high-order harmonic generation in
different plasmas,” G.S. Boltaev, va b., Photon. 7, 66 (2020) (9 ta iqtibos),
“Simultaneous manipulation of the optical and wettability properties of metal surfaces
using 150 kHz femtosecond fiber laser,” M. Igbal, va b., Appl. Sci. 10, 6207 (2020) (7
ta iqtibos), va boshgalar.

Tadgigot natijalarining nashr etilganligi. PhD dissertatsiyasining ilmiy
tadqgiqgot ishlari natijalari O‘zbekiston Respublikasi Oliy attestatsiya komissiyasi
tomonidan falsafa fanlari doktorlik (PhD) ilmiy darajasining asosiy ilmiy natijalarini
nashr etish uchun tavsiya etilgan nufuzli tagrizlanuvchi Q1/Q2 kvartillardagi ilmiy
jurnallarda chop etilgan 30 ta ilmiy maqolalarda taqdim etilgan va Web of Science
ilmiy ma’lumotlar bazasida ko‘rsatilgan.

ISHNING ASOSIY MAZMUNI

Tagdimnomada belgilangan vazifalar bo’yicha olib borilgan tadgiqotlar asosida
olingan ilmiy natijalar quyidagi ikki bo‘limda keltirilgan. Tagdimnonaming birinchi
bo'limda nanozarrachalaming hosil bo'lish mexanizmlari va ularning turli sohalarda
qo’llanilishiga doir natijalar ko’rib chigilgan [Appl. Surf. Sci. 527, 146702 (2020),
Appl. Surf. Sci. 542, 148560 (2021)]. Tagdimnonaning ikkinchi bo'limi o’z ichiga
materiallar yuzalaridananostrukturalaming shakllanish mexanizmlarini tahlil gilishga
va ularning turli sohalarda qo’llanilishiga bo’yicha olingan ilmiy natijalami oladi
[Fron. Chem. 8, 768 (2020); J. Phys. D: Appl. 54, 185109 (2021), Appl. Sci. 10 (18),
6207 (2020)]. Mazkur tagdimnomada keltirilgan ilmiy natijalar PhD darajasiga
nomzodi va uning hammualliflari tomonidan nufuzli Q1/Q2 kvartillariga ega ilmiy
jurnallarda 30 ta ilmiy maqgolalar ko’rinishida chop etilgan. Tajribada olingan
ma'lumotlar, nazariy hisob-kitoblar va ragamli simulyatsiya usullari so’nggi 5 vyil
davomida Birlashgan Arab Amirliklari, Germaniya, Latviya, Rossiya va
O'zbekistonning turli ilmiy muassasalarida ishlab chigilgan va go'llanilgan.

I-Bo’lim. Nanozarrachalarning hosil bo'lish mexanizmlari va yangi ilovalar
Materiallaming nano o'lchamdagi ishlashi ularning makroskopik harakatlaridan
butunlay farq giladi. Impulsli lazer ablyatsiyasi turlimetall va oksid nanozarrachalarini
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(NZ) sintez gilishda keng go'llaniladi. Shu munosabat bilan alyuminiy NZ turli xil
ilovalarni ko'rsatadi. Ushbu bo'limda [Appl. Surf. Sci. 527, 146702 (2020)] suyuglik-
larda va vakuumda Al-asosli nanozarrachalarning lazer yordamida hosil bo'lish
mexanizmlarini nazariy va tajriba o'rganishni va ularningsirtlarning namlanuvchanligi
va nochizigli optik xususiyatlarini o'zgartirish qobiliyatini taqdim etilgan. Lazer
nurlanishi impulsining davomiyligi, oqim tezligi, atrofdagi muhit turi, suyuglik
harorati va nurlangan nishonlarning xususiyatlari kabi ko'plab omillar NZlarning
xususiyatlariga ta'sir giladi. Shuningdek, sintezlangan zarrachalarning morfologiyasi
va hajmi NZ o'z ichiga olgan substratlar va suspenziyalarning turli makroskopik
xususiyatlarining o'zgarishiga olib kelishi mumkin. Ommaviy nishonlarni ablatsiya
gilish paytida alyuminiy NZ larning hosil bo'lish jarayonini tushunish uchun biz
molekulyar dinamikaning ragamli simulyatsiyasini amalga oshirdik. Ragamli
simulyatsiyalar suyuq muhitda NZ hosil bo'lishining asosiy mexanizmlarini va kerakli
o'lchamdagi va morfologiyadagi Al NZlarni olish uchun optimal lazer nurlanish
parametrlarining mavjudligini aniglashga imkon berdi.

Simulyatsiya natijalari bir tomondan ularni tajriba o'lchovlar bilan to'g'ridan-
to'g'ri taggoslash uchun ishlatilishi mumkin, birog boshga tomondan lazer yordamida
NZ hosil bo'lishi bilan bog'liq jarayonlarning asosiy fizikasi hagida chuqurrog
ma'lumot olishga yordam beradi. Ushbu simulyatsiyalar birlashtirilgan atomistik-
uzluksizmodeldan foydalangan holda amalgaoshiriladi. Model molekulyar dinamika
(MD) usuli [Science 280, 2085 (1998)] yordamida atom o’Ichamlarida lazer nurlanishi
bilan uygotilgan muvozanatsiz fazaga o'tish jarayonlarining kinetikasini ko'rib
chigilgan, shu bilan birga lazer nurining yutilishi, elektron issiglik o'tkazuvchanligiva
kuchli elektron jarayonlari - Qisgqa lazer nurlanishi ta’siri bilan induktsiya gilingan
fonon nomutanosibligi elektron harorati orgali ikki harorat modeli (TTM) bilan
tavsiflanadi.

Birlashtirilgagn MD-TTM modeli dinamikasi [Appl. Phys. A 111, 675-687
(2013)] eksperimentda bevosita erishish mumkin bo'lgan o'lchovdagi o'ta katta
simulyatsiyalarda go'llanilishi mumkin. Shunday qilib, bizning simulyatsiyamiz
natijalari tajriba ma'lumotlarni sharhlashda va oldindan ishlab chigilgan xususiyatlarga
ega NZlarni yaratishda bevosita hisobga olinishi mumkin. Model atom harakatini
tavsiflovchi MD yondashuvini TTM modeliga kiruvchi elektronlar uchun diffuziya
diffuziya tenglamasi bilan birlashtiradi [Phys. Rev. B 68, 064114 (2003)].

Metalllarda lazer nuri energiyasi o'tkazuvchanlik zonasidajoylashgan elektronlari
tomonidan yutiladi. To'plangan energiya tez, gisga vaqt femtosekund (10-1%)
davomida elektronlar o'rtasida muvozanatlanadi va atom tebranishlariga uzatiladi.
Oxirgi jarayon elektron-fonon birikmasining ta’siri bilan boshgariladi va soniyaning
pikosekund (10-*2s) gismidan bir necha o'nlab pikosekund (10-1%s) gacha davom etishi

mumkin. Nihoyat, elektronlar va fononlar o'rtasida termal muvozanat o'rnatiladi va sirt
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hududidan nurlangan nishonning asosiy gismiga issiglik ogimi umumiy termal
diffuziya sifatidatavsiflanishi mumkin. Lazer pulsining davomiyligi elektron-fononni
issiglik bilan solishtirish uchun zarur bo'lgan vagtga teng bo'lsa yoki undan kamroq
bo'lsa, lazer nurlanishi natijasida termal nomutanosiblik holati yaratiladi, elektronlar
va panjara har xil haroratga ega. Kontinuum darajasida panjara va elektron
temperaturalarining vaqt evolyutsiyasi T va Te ni ikkita bog‘langan nochizigli
differensial tenglamalar yordamida ikki temperaturali TTM modeli orqali tasvirlash
mumkin [Phy. Rev. B 68, 064114 (2003)],

Ce(To) 58 = ke (TVT,] = G(T, = T) +S(2,0) o
Cy (TI)Z_T; = Vk,(TYVT] + G(T, — T)) (2)

Bu erda C va K - elektron va panjaraning issiglik sig'imlari va issiglik
o'tkazuvchanliklari e va | pastki belgilar bilan belgilanadi va G - elektron-fonon
bog'lanish doimiysi. Manba atamasi S(z,t) lazer impulsining davomiyligi davomida
maydon birligiva birlik vagtiga lokal energiya to'planishini tavsiflash uchun ishlatiladi.

Hisoblash molekulyar dinamikasi MD usuli lazer-metall o'zaro ta'sir
mexanizmlari haqida tushuncha beradi. Biroq, klassik MD usuli lazerning metallar
bilan o'zaro ta'sirini simulyatsiya gilish uchun bevosita go'llanilmaydi. Metallning
issiglik o'tkazuvchanligigaelektron hissasidominant bo'lganligi sababli, fagat panjara
hissasi mavjud bo'lgan an'anaviy MD usuli umumiy issiglik o'tkazuvchanligini sezilarli
darajada kam baholaydi. Birog, birlashtirilgan TTM va MD modeli jarayonlarga eng
yaxshi javob beradi.

Kombinatsiyalangan usulda MD usuli panjara harorati uchun TTM tenglamasini
to'lig almashtiradi (2-tenglama). Elektron temperaturasi uchun diffuziya tenglamasi T,
(1-tenglama), atomlar harakati tenglamalarini MD integratsiyasi bilan bir vaqtda chekli
farq usuli bilan yechiladi va elektron harorati elektron va panjara o'rtasidagi energiya
almashinuvi uchun kerakli bo'lgan boglanish davrini o’z ichiga oladi [Phys. Rev. B
064114 (2003)];

T, 9 9
Ce(Te)E = 6_2 [ke(Te)a_Z (Te)] - G(Te - Tl) + S(Z:t) TTM

dzri _
ige = Fkitnmy;  MD 3)
where n is
1
N ==¥Ro GVy (T, — T))/Ximi(v;)? (4)

4- tenglamada m; va r; i atomning massasi va holati, F; esa atomlararo ta’sir tufayli I
atomiga ta’sir etuvchi kuchdir. Oddiy MD harakat tenglamalariga qo'shilgan
go'shimcha atama elektron-fonon birikmasini hisobga oladi. Tenglamaning chekli

farqli (FD) integrasiyasida fazoviy diskretlanish (Atrp) bosgichi. (3) fon Neyman
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bargarorlik mezoniga asoslanib baholanishi mumkin. Birlashtirilgan modelning
ikkinchi gismidagi vaqt oraliglari shunday tanlanadiki, bir MD vaqt gadami
Atmo=nAtep chekli fargli vagt gadamlarining butun soniga mos keladi. Har bir chekli
farqli diskretlanish katakchasida elektron-fonon birikmasi tufayli elektronlar va
panjara o'rtasida o'tkaziladigan energiya n integratsiya bosqgichlari uchun umimiy
summa korinishida keltirilishi mumkin [Phys. Rev. B 68, 064114 (2003)],

AESTPh = 30 Atpp GVy (T, — Ty) 5)
Keyin to‘plangan energiya MD harakat tenglamalariga qo‘shilgan bog‘lanish termini
yordamida MD tizimining tegishli qismidagi atom harakati energiyasiga o‘tkaziladi
(yoki undan olinadi), 4-tenglama. Lazer energiyasini yagsimoyini tavsiflash uchun olib
borilgan hisoblashlarda quyidagi Gauss profilidan foydalanildi [Phys. Rev. B 68,
064114 (2003)],

S(zt) =1, (1— R)L;  exp (—%) exp [=(t — t,)2/20? (6)

Bu erda lo - eng yuqori intensivlik, R - aks gaytaruvchanlik, L, - optik yutilish

chuqurligi vas - impuls davomiyligi FWHM = ,/81n (2) bilan bog'lig Gauss nurlari

profilining standart og'ishi. Lazer nurining energiya ogimi eng yugori intensivligi lo
bilan bog'liq,

F = /n/4ln (2)t,1,~1.06457,1, (7)

Biz 10 J/sm? bir xil energiya ogimi bilan alyuminiy nishonini gisga va uzoq lazer

5 l-rasm. Qalin suv gatlami ostida NZ ni
lazer hosil qilish simulyatsiyasi uchun
umumiy hisoblash yacheykasi mosravishda
NxxNy protsessor yadrolari bilan ishlov
berish uchun X va Y yo'nalishlari bo'yicha
Nx va Ny kichik hajmlariga bo'linadi
(chapda). Har bir alohida yadro 3D to‘rga
1 | bo‘lingan, bu yerda biz birlashtirilgan MD-
| TTM modelini hal gilamiz, suv gatlami
. uchun esa klassik MD yondashuvi
Ny processors Xlink cells go‘llaniladi (o‘ngdagi 2D ko‘rinishi) [ Appl.
Surf. Sci. 527, 146702 (2020)].

Upper NRB '
boundary ,H/’/H '/ﬂ'..”/n'." ..“/f 719

NRB — [

impulsli ablyatsiyasini modellashtirishni amalga oshirildi. Bu bizga impulsning NZ
hosil bo'lish mexanizmiga ta'sirini ko'rsatishga imkon berdi. Simulyatsiya natijalarini
tajribada olingan malumotlar bilan bog'lash uchun biz Al uchun xarakterli elektron-
fonon muvozanat vaqtiga (~ 1,5 ps) nisbatan kichik va katta davomiyliklardagi lazer
impulslari (0,3 ps va 50 ps) tanlab olindi.

Bunday yondashuv NZ hosil bo'lish jarayoni bilan nishondanurlanish yutilishing
turli rejimlarini ko'rib chigishga imkon beradi va mos ravishda ushbu ishning tajriba
gismida qgo'llaniladigan lazer impulslari davomiyligining fs va ps diapazonlarini
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gamrab oladi. Bundan tashqari, tajribada bo'lgani kabi, nishon fazoviy chegaradaqalin
suv gatlami tomonidan joylashgan bo'lib, bu erda "qgalin™ atamasi lazer ta'siri ostida
bo'lgan bosim to'lginining NZ paytida erkin yuzalardan aks etishinioldini olish uchun
etarlicha katta galinlik ma'nosida ishlatiladi. shakllantirish jarayoni. Suv ta'sirida
fazoviy chegarada Al NZ hosil bo'lishi bo'yicha bizning simulyatsiyalarimizda
foydalanilgan umumiy hisoblash katakchasi sxematik tarzda 1-rasmda ko'rsatilgan.

Tajribadagi lazer nugtasining o'lchami (0,3 mm) simulyatsiya xujayrasining
xarakterli lateral o'lchamidan (100 nm) ancha katta bo'lganligi sababli, nurlanish
vaqtida hujayra yuzasi bo'ylab lazer intensivligi taxminan bir xil bo'lib goladi. Bundan
tashqari, simulyatsiya vagtida bir necha ns gacha bo'lgan lateral yo'nalishda issiglik
o'tkazuvchanligining nisbatan sekin jarayonlari bizga X va Y yo'nalishlarida davriy
chegara shartlarini (PBC) o'rnatishga imkon berdi. Hisoblash qutisining lateral
o'lchami tajriba o'lchovlariga ko'ra, o'lchamlari ~10-100 nm oralig'idabo'lgan NZ hosil
bo'lishiga olib keladigan jarayonlarga mos keladigan darajadakattaedi. Shunday qilib,
alyuminiy-suv MD super hujayrasi ~300 000 000 atomdan iborat bo'lib, X, Y va Z
yo'nalishlaridamos ravishda 75x100x900 nm? o'lchamlarga ega, galinligi metall uchun
400 nm va suv gatlamlari uchun 500 nm. atom rezolyutsiyasi. Simulyatsiya
protsedurasining hisoblash samaradorligini oshirish uchun biz Al uchun birlashtirilgan
MD-TTM modelini fagat sirt ostidagi 400 nm galinlikda go'lladik, bu erda biz aks
etmaydigan chegara (NRB) shartlarini joylashtirdik uning ostidabiz Al uchun TTM ni
fagat sirtdan sirt ostidan ~50 mkm gacha bo'lgan masofaga issiglik ogimini hisobga
olish uchunhal qgildik [Comp. Mater. Sci 24, 2002, 421]. NRB shartlaridan foydalanish
tez lazerliisitish tufayli yuzaga yaqin joyda hosil bo'lgan lazer ta'siridan kelib chiggan
bosim to'lginlarini o'zlashtirishga imkon berdi.

Xuddi shunday, yuqorida suyug muhit mavjudligini hisobga olish uchun suv
uchun NRB chegaralari metall-suyuglik interfeysidan 500 nm masofada joylashgan.
Shunday qilib, har bir protsessor yadrosi metall gism uchun birlashtirilgan MD-TTM
modelini, suv gismi uchun oddiy MD modeli va sirtdan 400 nm dan past bo'lgan metall
gismning TTM modelini (bitta protsessor uchun 2D to'r ko'rsatilgan) echishga
bag'ishlangan. 1-rasm). Simulyatsiya natijalarini tajriba ma'lumotlar bilan bog'lash
imkoniyatiga ega bo'lish uchun biz simulyatsiyalarimizda alyuminiy uchun real
atomlararo potentsialdan foydalandik, bu potentsial bilan materialning issiglik sig'imi,
muvozanat erish harorati, termal kengayish koeffitsienti va hajmi kabi termofizik
xususiyatlari mavjud. erishi yuqori aniglikda (95% dan ortiq) ifodalanadi.

Suv ichiga joylashtirilgan alyuminiy namunasining davomiyligi 0,3 ps bo’lgan
lazer impulslari bilan o'zaro ta'sirini modellashtirish natijalari 2-rasmda ko'rsatilgan va
umuman olganda, ultraqisga lazer impulsi tufayli suvda NZ hosil bo'lishi natijalari
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bilan o'zaro bog'lig bo'lib, suyuglikda NZ hosil bo'lish jarayoni sodir bo'ladi. media
ikkita boshgaruv mexanizmiga bog'liqekanligi aniglandi: ablyatsiya plyusining yugori
gismidagi bug ‘fazasidan NZ yadrolari va suyug metall interfeysida Reyleigh-Teylor
beqgarorliklarining shakllanishi. Ushbu ikkita mexanizm bimodal NZ o'lchamlari
tagsimotini shakllantirish uchun javobgar hisoblanadi [Nanoscale, 2018, 10, 6900-
6910]. Bizning ishimizda biz yugorida aytib o'tilgan mexanizmlami lazer nurlanish
parametrlari bilan manipulyatsiya orgali NZ o'lchamlarini tagsimlashni boshqarish
imkoniyatini ta'minlaydigan tushuntirishlar bilan to'ldirdik.

2(a)-rasmdagi atom suratidan biz 175 ps ga kelib nurlangan nishon uning
yuzasidan bug‘lanish jarayoniga ham, kengayish jarayoniga ham o‘tganini ko ‘rishimiz
mumkin, bu esa uning katta qismida bo‘shliglar hosil bo‘lishiga olib keladi.

2-rasm. (a) Energiya zichligi 10 J-sm™2 va
davomiyligi 0,3 ps lazer nurlanishi yordamida Al NZ

[ W& csp . C e . .. .. .
g ".G*’: 30 nm Wom hosil bo'lishi jarayonini 175 ps vaqtiy interval bilan
i a /l,,\ atomlar harakatlari tasviri ko'rsatilgan. SCP giymatlari:
e \ B & Boom gattig  <0,08<nugsonlar<0,12<suyuglik <0,25<sirt

<0,50<bug' bo'lishi uchun atomlarning lokal tuzilishini
aniglash uchun atomlar Markaziy simmetriya
parametri (CSP) bilan ranglanadi. Yashil suyuglik
NZlari qizil bug' atomlarining ba'zi hissasi bilan
shleyfning yugori gismida ko'rinadi. Suv atomlari
ko'rsatilmagan. (b) etkazilgan bosim uning maksimal
giymati 36 GPa momenti uchun ko'rsatiladi, bunda
spallatsiya mexanizmini ablyatsiya jarayoniga jalb

oo s it S WA L e ose SRR gilish uchun shart-sharoitlar mavjud. (c) panjara
2 B - # 8.8 harorati maydoni uning maksimal giymati 11000 K
25 nm e TTETN & A 2. momenti uchun ko'rsatilgan, bu materialni chigarish

; M jarayonining portlovchi gaynash mexanizmi uchun
| ] B & sharoitlarni taminlaydi. (d) hosil giluvchi NZlarni
(d) (e) yaxshiroq kuzatish uchun (a) dagi kvadrat mintaga
ko'rsatilgan. (e) (d) dan hoshiyalangan hudud Al
nishoni ichida hosil bo'ladigan g'ovaklikni vizual
aniglash uchun kattalashtiriladi [Appl. Surf. Sci. 527,
146702 (2020)].

Material, bu spallatsiya jarayonining boshlanishi bilan bog'lig. Metall nishonda
energiya targalishining (lazer zarbasi bilan yotgizilgan) asosan ikkita asosiy kanali
mavjud: tez elektron issiglik o'tkazish jarayoni va panjara isitishiga olib keladigan
elektron-fonon energiya almashinuvi jarayoni. Impulsning davomiyligi 0,3 ps
bo'lganligi sababli, bu elektronlar va fononlaming relaksatsiya vaqgtidan (~1,5 ps)
gisqgaroq, isitish tezligi elektronlar va fononlar o'rtasidagi muvozanatga erishish vagti
bilan belgilanadi.
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Lazer impulsining yutilishi jarayonida erishilgan yuqori elektron harorati (~ 40
000 K) tufayli elektronning haroratiga juda bog'lig bo'lgan elektron issiglik
o'tkazuvchanligi kanali sezilarli darajada isitish chuqurligiga olib keladi. Shu bilan
birga, bu isitish tezligi mexanik materialning (akustik) bo'shashish tezligidan oshib
ketadi va yuqgori ichki stresslar (36 GPa gacha) nurlangan nishonning sirt maydonida
to'planadi, 2-rasm (b). Bunday sharoitlar ichki stress chegarasi deb ataladi va nishon
bo'ylab targaladigan kuchli tushirish bosimi to'lgini tufayli ulaming bo'shashishiga olib
keladi. Shuning uchun mexanik bo'shashish ichki bo'shliglarning shakllanishiga olib
keladi, 2-rasm (d) va (e), ular birlashadi, o'sadi va nishonning mexanik shikastlanishi
bilan bog'liq bo'lgan spallatsiyajarayonining boshlanishiga olib keladi [Appl. Phys. A.
A 117, 2133 (2014)] va suyuq metall interfeysi bo'ylab Rayleigh-Teylor beqgarorlik-
larining paydo bo'lishi tufayli NZ ning katta gismi shakllanishi.

Boshga tomondan, kritik nuqtadan yuqorida (katta migdorda yutilgan energiya
tufayli) yuqori haroratlarga erishgan metal yuzasi (11000 K maksimal giymatga), 2-
rasm (c), keyingi hosil bo'lishi bilan portlovchi gaynash mexanizmi tomonidan
boshqariladigan ablyatsiya jarayoniga olib keladi. Metall bug'langan atomlarning
yadrolanishi tufayli NZlarning kichikrog gismi. Qo'llaniladigan ogimga garab,
ablyatsiya jarayonining spallatsiya va fazali portlash mexanizmi o'rtasidagi bog'liglik
[J. Chem. Phys. 113, 11892 (2009)]. Bizning ishimiz uchun tajriba gismda ko'proq
afzalliklarga ega bo'lgan gizigarli holat uzoq lazer zarbasi tufayli suv ostida Al NZ
avlodi bo'ldi. Al nishoni bilan uzoq pulsli o'zaro ta'sirni taglid gilish uchun 50 ps
pulsning davomiyligi tanlangan. Al uchun xarakterli elektron-fonon muvozanat
vaqgtidan ancha uzogroqbo'lganligi sababli (~ 1,5 ps), materialning isitish vaqti impuls
davomiyligi bilan belgilanadi. Al nishoniga yo'naltirilgan 50 ps lazer zarbasi tufayli
suvda NZ hosil bo'lishini modellashtirish natijalari 3-rasmda ko'rsatilgan. Tizimning
atomik suratlari ketma-ketligi simulyatsiya boshlanishidan 125, 250 va 500 ps vaqtlari
uchun ko'rsatilgan, 3(a)-rasm. Ushbu simulyatsiyalarda puls 125 ps ga gadar maksimal
intensivlikkaerishdi va biz 500 ps simulyatsiya vagtini NZ shakllanishi uchun masul
bo'lgan mexanizmlarnio'rnatadigan muhim jarayonlami gamrabolish uchunetarlicha
uzoq deb hisobladik. NZ hosil bo'lish jarayonlarining o'zi anchauzogroq (bir necha ns)
bo'lishi mumkin bo'lsa-da, bizushbu tadgigotda asosan NZ shakllanishining o'rnatilgan
mexanizmlari bilan manipulyatsiya gilish usullarini gidirdik [J. Phys. Chem. C, 121,
30, 16549-16567 (2017)]. E'tibor bering, bu erda, oldingi holatda bo'lgani kabi, NZ
hosil bo'lish mexanizmi uchun javobgar bo'lgan shartlar asosan elektron-fonon
muvozanati vagtiga yoki impulsning oxiriga garab belgilanadi. Bu vaqtga kelib,
lazerning har ikkala kanali energiyaning targalishi (elektron issiglik o'tkazuvchanligi
va elektron-fonon o'zaro ta'siri tufayli) nishonning keyingi evolyutsiyasiniva NZ hosil
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bo'lish jarayonining o'zini belgilaydigan eng intensiv energiya tashishni to'xtatadi.
Uzoq lazer impulsi kuchli elektron-fonon nomutanosibligini keltirib chigara olmaydi.
Impuls ta’siri paytida elektron harorat taxminan panjara haroratiga teng bo'lib qoladi
va elektron o'tkazuvchanlik orgali energiya targalish kanali elektron-fonon o'zaro ta'sir
(panjara isitish) kanalidan ancha zaif bo'lganda, 15000 K chegarasida qoladi.

oo Wom 3-rasm. (a) 10J sm-2 lik ogim ogimida Al bilan
§3: | 50 ps lazer zarbasining o'zaro ta'siri natijasi 125,
N o x/*‘Kv 250 va 500 ps uchun atomik suratlar ketma-
Eéj A ketligi sifatida ko'rsatilgan. Atomlarning
ool mahalliy tuzilishini aniglash uchun atomlar
. B W 0nm Y"':w Markaziy simmetriya parametri (CSP) bilan
N o ranglanadi: gattig<0,08<nugsonlar<0,12<
@ suyuqlik<0,25< sirt<0,50<bug". Yashil NZlar
LAk gizil bug ‘atomlarining muhim hissasi bilan
o0 shleyfning yuqgori gismida ko'rinadi. Tizimning
e b metall gismini yaxshiroq ko'rish uchun suv
: atomlari bo'sh bo'ladi. (b) Panjara harorati
"_, (d) maydoni 125 ps vaqgtida uning maksimal
Sa E =205 giymati 14000 K momenti uchun ko'rsatilgan.
o (c) (a) dagi tortburchaklar mintaga hosil
%% i o @ @ wo|  giluvchi NZlarni batafsilroq kuzatish uchun
: 5 kattalashtiriladi. (d) 250 ps va 500 ps da metall
052 t=s00ps ' 4l| va suv turlarining nisbiy zichligi ularning
3 ‘ aralashish jarayonini ochib beradi [Appl. Surf.
s e om0 % we|  Sci. 527, 146702 (2020)].

Shuninguchunto'plangan issiglik nishonning chuqur gqismiga kira olmaydi (qgisga
lazer zarbasi bilan solishtirganda) va taxminan nishon yuzasiga yaqin joyda qoladi. Bu
gizdirilgan nishonning asta-sekin akustik (mexanik) bo'shashishi sharoitida termal
cheklash rejiminio'rnatishga olib keladi, bu 3(b)-rasmda maksimal 4GPa ichki bosim
(ko'rsatilmagan) bilan sirtning yuqori haroratisifatidaaks ettirilgan. Shunga garamay,
uzoq isitish vaqgti ablyatsiya jarayonining mexanizmi portlovchi gaynash bilan
boshgarilsa, panjara haroratining kritik nugtadan 14000 K gacha ko'tarilishiga olib
keladi [J. Phys. Chem. C 113, 11892-11906 (2009)]. Nurlangan nishon mexanik
ravishda bo'shashganligi sababli, ablyatsiya jarayonining spallatsiya mexanizmi bu
yerda ishtirok etmaydi va nishonning yetkazilgan zarari sof termal xususiyatga ega.
Buni 3(a)-rasmda ko'rish mumkin, bu erda mexanik bo'shashgan eritmalar o'ta kritik
haroratgacha gizib ketganda bug '-suyuqglik aralashmasining silliq o'tish zonasi paydo
bo'ladi. Bug'langan metall atomlari sezilarli issiglik sig'imi (metallar bilan
taggoslanadigan) va yugori bug'lanish energiyayo'qotishlariga ega bo'lgan suv muhiti
tufayli intensiv sovutish jarayoniga o'tadi. Shunday qilib, metall NZlarning
yadrolanishining intensiv jarayoni ularning hajmini sezilarli darajada kattaroq
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miqgdorda bir xil hosil bo'lishiga olib keladi, Fig.3(c). Aksincha, lazer zarbasi 0,3 ps
bo'lgan taqdirda, yuqori yutilgan ogim tufayli metall atomlarining o'rtacha sirt
bug'lanishi jarayoni, asosan, materialni chigarish jarayonining spallatsiya mexanizmi
tufayli nishonning mexanik shikastlanishi, keyin esa er osti gatlami bilan birga keladi.
bo'shliglar o'sishi, 1.2-rasm (a). Bu chiqarilgan klasterlaming katta gismining paydo
bo'lishiga olib kelishi mumkin [Nanoscale 10, 6900-6910 (2018)].

Suv qatlamining lazer zarbasi tufayli NZ hosil bo'lishiga ta'siri bir necha
bosqgichlarga bo'linadi. Birinchidan, metall zichligi bilan tagqoslanadigan atom
zichligiga ega bo'lgan suv muhiti ablyatsiyalangan materialning yuqoriga garab
harakatlanishiga sezilarli mexanik garshilik ko'rsatadi va akustik bo'shashgan bo'lsa-
da, eritilgan metallning sirt gatlami hali ham nol bo'Imagan bosimga ega. 125 ps
vaqtida 4 GPa. Bunday garshilik natijasida ablyatsiya plyusining o'lchami havodagi
yoki vakuumdagiga garaganda sezilarli darajada kichikrog bo'ladi. Ikkinchidan,
suvning yugqori issiglik sig'imi (metallning issiglik sig'imi bilan solishtirish mumkin)
va uning yugori bug'lanish issiglik yo'gotishlari bug'langan metall atomlarining
intensivsovishini osonlashtiradi, bu esa 100 ps ga yaqgin NZlaming yadrolanishigaolib
keladi, 3-(c) rasm). Ablyatsion plyus ichidagi intensiv bug'lanish jarayoni suyuglikning
ablatsiya gilingan materialning chuqur gismlariga kirib borishini oldini oladi va
shuning uchun uning sovutish mexanizmi an‘anaviy issiglik o'tkazuvchanligi
mexanizmi bilan boshqariladi. Buni simulyatsiya boshidan 250 ps va 500 ps uchun
metall va suv zarralarining nisbiy zichligi ko'rsatilgan. Ablyatsion material suyuglikni
itarib yuboradi va keyinroq bug 'suvining arzimas miqdori yugori gismiga Kirib boradi.
Xuddi shu narsa 0,3 ps impuls uchun ham olinadi va [J. Colloid. Inter. Sci. 489, 3-17
(2020), Phys. Chem. Chem. Phys. 22, 7077-7099 (2020)]. Ablatsiya plyusining yuqgori
gismidan pastga garab harakatlanayotganda, yugoridagi kichik zarralar suv muhiti
tomonidan samarali ravishda sekinlashishi va sovutilishini aniglash mumkin, bu
ularning o'sishini cheklaydi va ularning hajmini o'rtada hosil bo'lgan zarrachalar
hajmiga yaginlashtiradi. shleyfning. Bu suvda NZ hosil bo'lish mexanizmini
vakuumdagidan juda farq giladi, bunda bug 'va suyuqglik tomchilarining o'chirilgan
aralashmasi, bir marta chigarilgandan so'ng, ko'tarilish tezligining sezilarli darajada
targalishi tufayli intensivyadrolanish va hosil bo'lish jarayonlariga yordam bermaydi.
chigarilgan klasterlar massasi. Natijada, birinchi bo'lib chigadigan va hosil bo'lgan
kichikroq tomchilar pastroq haroratda keyinroq chigarilgan va kattarog massaga ega
bo'lganlarga garaganda ancha yuqori yuqori tezlikka ega [Appl. Phys. A 114, 11
(2014), Appl. Surf. Sci. 470, 1018 (2018)]. Aksincha, suyugliklarda NZ hosil bo'lish
jarayonida yangi hosil bo'lgan NZlarning hajmi va tezligi bo'yicha dastlabki ajratilishi
suv gatlamining termal va mexanik ta'siri tufayli gaytariladi va suyuq muhitda yadro
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hosil giluvchi NZlarning ko'tarilish tezligi. havodagi yoki vakuumdagidan sekinrog
kattalikdagi birdan ortiq tartib [Nanomater. 10, 234 (2020)]. Shunday qilib,
suyuglikning NZ hosil bo'lish jarayoniga ta'siri vakuumsharoitlari bilan solishtirganda
yakuniy fraktsiyaning o'lchamlarini yanada yumshoqgroq tagsimlashga olib keladi.
Suyuqg muhitning bunday ta'siriso'nggi nazariy ishlardaham ta'kidlangan [Nanomater.
9, 767 (2019)] va fs - ns impuls davomiyligi uchun amal giladi.

Bundan tashqari, gisqa 0,3 ps va uzun 50 ps lazer impulslarining ikkala holatlari
uchun NZ o'lchamlarini tagsimlash tahlili yugoridagi muhokamalarimizni tasdiglaydi
va afzalroq torroq o'lchamdagi NZlami yaratish bo'yichako'prog imkoniyatlami ochib
beradi. 4(a) va (b)-rasmda gisga va uzoq impuls davomiyligi holatlari uchun hisoblash
katakchasining atomistik ko'rinishi ko'rsatilgan. Ushbu rasmlardan ko'rinib turibdiki,
nishondagi stressni ushlab turish sharoitlariga (mexanik shikastlanish rejimi) olib
keladigan gisga puls bug'langan metall atomlarining bir oz kirishi bilan NZ ning
sezilarli darajada katta gismini shakllantirishgayordam beradi, 2-rasm. 4(a). Shu bilan
bir gatorda, uzoq impuls issiglik chegarasini yanada anigroq (termik shikastlanish
rejimi) keltirib chigaradi va nishon mexanik ravishda bo'shashadi va asta-sekin
giladi. Suyuq muhit tufayli bu bug'ning sekinlashishi va sovishi jarayoni sezilarli
darajada kichikrog yadro hosil bo'lishini osonlashtiradi.

Amalga oshirilgan simulyatsiyalar NZ shakllanishining keyingi evolyutsiyasi
uchun mas'ul bo'lgan asosiy mexanizmlami yaratish uchun etarlicha uzoq vaqt
oralig'ini gamrab olishga imkon beradi. Buni NZ o'lchamlari tagsimotining ko'prog
miqgdoriy tahlilidan ko'rish mumkin, shakl. 4(c) va (d), shakldagi to'rtburchaklar
sohalarida gisgqava uzun impulslaruchun. 4 (a) va (b), bu erda NZ hosil bo'lish jarayoni
endi ablyatsiya mahsulotlari tomonidan intensiv ta'sir qilmaydi. Simulyatsiyalarimizda
go'llaniladigan katta hisoblash sohasi etarli statistik ma'lumotlamni to'plash va NZ
tarqgatish gistogrammalarini yaratish imkonini beradi. Ko'rish mumkinki, gisgaroq
impuls ko'proq dispers tagsimotga olib keladi va har xil o'rtacha kattalikdagi ikki yoki
undan ortiqg fraktsiyalarning shakllanishini aniglaydi. Ushbu kuzatish suyugliklarda NZ
ning qisga lazerli impuls hosil gilish jarayonida bimodal o'lchamlarni tagsimlashning
shakllanish mexanizmlari bo'yicha so'nggi nazariy topilmalarga mos keladi. Yahni,
kichik fraktsiya bug'langan metall atomlarining yadrolanishi natijasida hosil bo'ladi,
katta gismi esa ichki kuchlanishlarning mexanik bo'shashishidan kelib chigadigan tez
o'sishi tufayli metall-suv interfeysi bo'ylab Reyleigh-Teylor beqgarorliklari
mahsulotidir, 4-(c) rasm). Shu bilan bir gatorda, davomiylig etarlicha katta bo’lgan
lazer impulslari yugori bosim kuchlanishlarini yaratmaydi, lekin taglik sirtning haddan
tashqari kritik isishi va katta migdordagi bug' hosil bo'lishiga olib keladi, keyinchalik
u kichikrog o'lchamdagi NZlarsoniga o'tadi (4-(d) rasm). NZ yadrolarining to'liq hosil
bo'lishi jarayonianchauzoqroq vaqt oralig'ini 0'z ichiga olsa ham va NZ o'lchamlarini
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tagsimlash keyinchalik kattaroq diametrga o'tkazilishi mumkin bo'lsa-da, 4-rasmdan
xulosa gilish mumkinki, uzoqroq impulslar uchun, isitish tezligi tufayli

4-rasm. Qisga 0,3 ps (a) va uzun 50
ps (b) impulslar uchun belgilangan
NZ hosil bo'lish jarayonining
atomistik  suratlari  ko'rsatilgan.
e Atomlarhosilbo'lgan NZlarniko'rish
uchun CSP tomonidan ranglangan,
suv atomlariesa bo'sh. (a) va (b) dagi
gora to'rtburchaklar tomonidan
50 nm tanlangan maydonlar uchun NZ
= o'lchamlari tagsimoti mos ravishda
ol s gisqa 0,3 ps (c) va uzun 50 ps (d)
impulslar uchun ko'rsatilgan. NZ
q tagsimoti gistogrammalariga
o'rnatilgan qizil egri chiziglar koz
(d) bilan ifodalanadi [Appl. Surf. Sci.
o I I 527,146702 (2020)].

p. 4 6 8 10
diameter, nm diameter, nm
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Taglikning mexanik bo'shashish tezligidan oshmagan holda, zarrachalar hosil
bo'lishining asosiy harakatlantiruvchi mexanizmi portlovchi gaynashdir, bu esa
kichikrog NZ hosil bo'lishiga olib keladi, shu bilan birga, butun sirt gatlamining
chigishi va Reyleigh-Teylorning keyingi beqarorligi va hosil bo'lishi bilan birga.
kattaroq NZ fraktsiyasi bostiriladi. Bu natija, shuningdek, Shih va boshg. [Phys. Chem.
Chem. Phys., 22, 7077 (2020)], shuningdek, lazer nurlanish parametrlari (impuls
davomiyligi va hodisa ogimi) orgali hosil bo'lgan NZ o'lchamlarini tagsimlash bilan
manipulyatsiya qilish va uning torrog tagsimlanishi va o0'ziga xos o'rtacha
ko'rsatkichlarga erishish mumkinligi hagida xulosa chigarishga imkon beradi.
Ikkinchisi, entimol kichikroq NZlarning bir xil o'lchamdagi tagsimoti tez-tez talab
gilinadigan bo'lsa, biotibbiyot uchun NZlarni yaratishda juda muhimdir [Sci. Rep. 9,
12890 (2019)]. Ko'rinishidan, NZ hosil bo'lishining termal chegaralash rejimi yoki
ularning uzoq (100 ps va ns) lazer zarbasi tufayli ishlab chiqgarilishi sanoat ishlab
chiqarishi nugtai nazaridan afzalrogdir. Metall bug ‘fazasidan yadrolanish jarayonida
hosil bo'lgan NZlar sonini 3(c)-rasmda ko'rish mumkin. Ularning keyingi shakli
bo'shashishi (suyuq fazada) dan sharsimon bo'lishiga olib keladi, bu ham [Nanoscale,
2018,10, 6900] da xabar gilingan kuzatishlarga mos keladi. Oxir-ogibat, bug
‘fazasining yadrolanishi tufayli NZ hosil bo'lish jarayoni tugagach, suyuq muhitda
o'rnatilgan gidrodinamik harakat tufayli ablyatsiya jarayonining mahsulotlari (N2)
yugoriga suriladi va NZ ning gotib qolish jarayoni sodir bo'ladi. nanosekundlar oralig'.
Nihoyat, olingan kolloid suyuglikda to'xtatilgan holda hosil bo'lgan zarralar ancha
muvozanatli sharoitlarda suvda sekin targalish jarayoni tufayli o'sishda davom etishi
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mumkin. Bu jarayon ancha kattarog vaqtni oladi, bunda NZ hosil bo‘lish mexanizmi
kristall strukturasi, sirt kimyosi va oksidlanishning aniq ta’siri bilan bog‘liq bo‘lishi
mumkin. Masalan c) rasm. Al-asosli NZlar to'lgin uzunligi 1064 nm, impuls
davomiyligi 10 ns vaenergiyasi 40 mJ (NL300, EXPLA) bo’lgan va chastotasi 10 Hz
lazer impulsalri yordamida deionizatsiyalangan suvga botirilgan alyuminiy blokining
ablyatsiyasi orgali sintez gilindi. Lazer nurlari fokus uzunligi 100 mm bo'lgan linzalar
tomonidan yo'naltirilgan. Vakuumda katta migdordagi Al ning ablatsiyasi xuddi shu
lazer yordamida amalga oshirildi. 10 ns impulslar alyuminiy nishoni yuzasidagi
vakuum kamerasiga garatilgan. Yopilgan materialning qoldiglari yaqgin atrofdagi
shisha va kremniy substratlarga to'plangan. Ablatsiya 30 dagiga davom etdi.
Shuningdek, biz alyuminiy nishonni suv va vakuumda yo'q gilish uchun femtosekund
impulslaridan (300 fs, 1030 nm, 100 kHz, 0,5 mJ; AFS) foydalanilgan.

Vakuum va suvda 10 ns impulslar bilan ablyatsiya paytida cho'kilgan
zarrachalaming morfologiyasi skanerlash elektron mikroskop (SEM) yordamida tahlil
qilindi.

— 5-rasm. Al asosidagi NZ larning
7| strukturaviy va spektral xossalari. (a-c) turf

' (d) ’

| i | muhitda 10 ns impulslar yordamida
II II ] osf ; nishonni ablatsiya qilish natijasida olingan
s Al asosidagi NZlarning SEM tasvirlari: (@)

— vakuum, (b) suv va (c) suv (30 kundan

;Ablalmn In vacs

keyin). NZ o'lchamlari tagsimotining

Ablation n water (e) o f1hen tegishli gistogrammalari mos ravishda
0| ‘ oty vakuum vasuvda ablyatsiya holatida (d) va
100pm @ (e) da ko'rsatilgan. (f) Al asosidagi NZ

‘ el - suspenziyasining yutilish  spektri. (g)

vakuumda ablyatsiya paytida yotgizilgan Al

ey NZlar gatlamining atom kuchi mikroskopi
B | HAEES e tasviri. (h) Plazma emissiyasining o'zgarishi

ft:: i (250-450 nm). Al plazmasining UV
19389 spektrlariablyatsiya boshlanishidan boshlab
Et——* nanosoniyali  impulslar  bilan  turli
" (h) kechikishlarda to'plangan [Appl. Surf. Sci.
527,146702 (2020)].

Vakuum va suvda nanosoniyali impulslar tomonidan ishlab chigarilgan Al
asosidagi NZlarning SEM tasvirlari 2-rasmda ko'rsatilgan. 5(a)-(c). NZ o'lchamlari
mos ravishda 55 va 34 nm ekanligi aniglandi, shakl 5(d) va 5(e). Suvning NZ hajmining
tagsimlanishiga ta'sirini sifat jihatidan bog'lash uchun biz ushbu ikki holatni
solishtirdik va suvdaablyatsiyaholatida o'lcham tagsimoti torrog ekanligini anigladik.
Yugoridagi nazariy tadgigotlarga asoslanib, zich suyuglik muhitining (suv) termal va
mexanik ta'siri tufayli NZ o'lchamlari tagsimoti ham toraygan. NZ hosil bo'lish
jarayoniga materialni chigarib yuborishning spallatsiya mexanizmi (mexanik

shikastlanish rejimi) yoki portlovchi gaynatish mexanizmi (termik shikastlanish rejimi)
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yoki yutilgan lazer energiyasining (oqimning) etarlichayuqori giymati uchun ulaming
aralashmasi ta'sir gilishi mumkin.

Nochizigli optik xossalar: NZlarning nochizigli yutish va sindirish
xususiyatlarini, shuningdek ularning turli xil optik xususiyatlarini o'rganish
motivatsiyasi ularning optoelektronika, optik cheklovchilar va fotonikada potentsial
go'llanilishigaasoslanadi. Shu bilan birga, ushbu turlaming oldingi tadgiqotlarida Al-
nishonning ablatsiyasi paytida zarba davomiyligining Al-ga asoslangan NZlarning
nochizigli yutilish va nochizigli sinishi koeffitsientlaridagi rolini tahlil gilish hagida
xabar berilmagan. Kuchli nochizigli sinishiva yutish xususiyatlariga ega bo'lgan kichik
o'lchamdagi materiallarni qgidirish bizni nanosekund, pikosoniya va femtosekund
impulslari tomonidan ishlab chigarilgan NZnitahlil gilishga undadi. Biz Z-skanerlash
sxemasidan foydalangan holda nanosekund, pikosoniya va femtosekundli impulslar
bilan suvdagi quyma alyuminiyning ablyatsiyasi paytida tayyorlangan turli xil Al-
asosli NZ suspenziyalarining nochizigli optik xususiyatlarini tahlil gildik. Al asosidagi
NZ suspenziyalarining normallashtirilgan o'tkazuvchanliklari ularning nochizigli
yutilish koeffitsientlarini (b) va nochizigli sinishi ko'rsatkichlarini (g) aniglash uchun
standart o'rnatish protsedurasi yordamida tahlil gilindi. Alyuminiy asosidagi NZlar
turli muddatlarga (5 ns, 200 ps va 30 fs) ega bo'lgan impulslar yordamida suvdagi Al
massasini ablatsiya qilish orgali olingan.

200

@ T a7 7 7 7 7 1 6-rasm.(a)CAva(b)400nm, 30 fs
. ] impulslar yordamida o'lchangan
suspenziyalarning OA Z-skanerlar.
Suspenziya 30 fs impulshar
yordamida quyma alyuminiyni
suvda ablatsiya qilish orqgali
tayyorlangan. Fitting egri chiziqlari
(gattiqg chiziglar) tenglamalarga mos
keladi. (7) va (8) [Appl. Surf. Sci.
527,146702 (2020)].
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Ochiqapertura (OA) sxemasi va ikki foton yutilish (2PA) holatida normallashtirilgan
o'tkazuvchanlik Tzpa quyidagicha yozilishi mumkin:

Typa(z) = @) ~ 1 —#5 (7)
Bu yerda, r=p1I Leyl(1+(2/20)2), x=2/20, Z0=k(W0)*/2 - Reley uzunligi, k - to‘lqin soni
k=27n/4, wo nurning bel radiusi, lo tushayotgan nurning fokus masofadagi maksimum
intensivligi, Les=[1-exp(-anl)]/o0] muhitning effektiv uzunligi, ao chizigli yutilish
koeffisienti, va L namunaning qalinligi. Yopig apertura (YA) sxemasida,
o‘tkazuvchanlik quyidagi ko‘rinishni oladi:
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2(—=6x%+2x-38)
xt+1022+9 90

Tyra(@) =1+ (8)

Bu yerda Tnra(z) - nochizigli sinishi va yutilish (NRA) sharoitida muhitning uzatilishi,
0=p/2ky va A@o=kylLer nochizigli sinishi induktsiyasi bilan bog'liq bo'lgan faza
o'zgarishini ifodalaydi. Al asosidagi NZ suspenziyasining 2PA va NRA ning nochizigli
optik koeffitsientlari 7- va 8-tenglamalar yordamida hisoblangan. 6-rasmda 400 nm,
30 fs impulslar yordamida namunalarning YA va OA Z-skanerlari ko'rsatilgan. Ushbu
egri chiziglarnio'rnatish 400 nm, 30 fs impulslar yordamida u chta suspenziyaning (fs,
ps va ns impulslari bilan hosil gilingan) nochizigli yutilish koeffitsientlarini va
nochizigli sinishi ko'rsatkichlarini aniglash imkonini berdi. Nochizigli optik
parametrlarning eng yuqgori giymatlari pikosekundli impulslar yordamida alyuminiyni
ablatsiya gilish orgali ishlab chigarilgan suspenziyada kuzatildi, qolgan ikkita
suspenziya uch (femtosekund ablyatsiyasi) va besh (nanosoniyali ablyatsiya) y va 3
marta Kichikrog ekanligini ko'rsatdi. Pikosekundli impulslar tomonidan ishlab
chigarilgan NZ suspenziyasining y va  giymati mos ravishda ~ 1013 sm2 W+ va 10t
sm W bo'lib o'lchandi. Ushbu suspenziyalardagi NZlarning hajm gismi ~ 10
bo'lganligi sababli, Al asosidagi NZlarning y va B giymatlari mos ravishda~ 10-° sm?
W-tva 107 sm Wt deb baholandi, ular orasida ushbu spektr mintagasida gayd etilgan
eng yuqori giymatlar.

Yuqori Garmonika Generatsiyasi (YuTG): Al nishoni yuzasida ishlab
chigarilgan lazer plazmasida yuqori tartibli garmonika hosil bo'lishini namoyish gilish
bizning tadgigotimiz magsadlaridan biri edi. Muayyan sharoitlarda vakuumdagi
metallaming ablyatsiyasi NZ larni o'z ichiga olgan lazer yordamida hosil gilingan
plazma (LHQP) hosil bo'lishiga olib kelishi mumkin [Phys. Rev. B 71, 174405 (2005)].
Isitish nurlanishining impuls davomiyligi, lazer impulslarining ravonligi va "optimal
plazma" shakllanishi kabi turli xil talablar NZ hosil bo'lganda saglanishi kerak, bu esa
ultragisga impulslar bilan o'zaro ta'sir gilishimumkin, ular bilan solishtirgandakuchli
yugori tartibli garmonikalar hosil bo'ladi. lazer-atomlaming o'zaro ta'siri. "Optimal
plazma' atamasi ultragisqaimpulslarning samarali YuTG shartlarini anglatadi, bu esa
harakatlantiruvchi va garmonik to'lginlar o'rtasidagi faza nomuvofigligiga olib
keladigan to'sqinlik giluvchi jarayonlami bostirish uchun plazmadagi 0z migdordagi
erkin elektronlarni saglashnitalab giladi, bu esa garmonik konversiya samaradorligini
pasayishiga olib keladi. Op. Commun. 135, 251 (1997), Phys. Rev. A 83, 023832
(2012)].

Ushbu tadgigotlar davomida muhim parametr isitish (nanosekund, pikosekund
yoki femtosekund) impulslar orgali ablyatsiyaning boshlanishi va oldindan hosil
bo'lgan plazma orgali haydash (femtosekund) impulslarining targalishi o'rtasidagi
kechikish edi. Optimal kechikish faol turlaming maksimal kontsentratsiyasi (bizning

holatlarimizda NZ) targaladigan lazer zarbasi bilan uchrashadigan sharoitlami
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belgilaydi. Garmonik rentabellikni bevosita tajriba kuzatishdan tashgari optimal
kechikishni aniglash usuli vagtga bog'lig bo'lgan emissiya spektrini tahlil gilish edi,
56-rasm (h), bu bizni YuTGtajribalaridan oldin ushbu tadgiqotlarni amalgaoshirishga
undadi. Ushbu tadgigotlar shuni ko'rsatdiki, ablyatsiya boshlanishidan boshlab 100-
150 ns oralig'ida kechikish bilan plazma harakatlantiruvchi femtosekund nurlarining
targalish maydoniga etib boradi va shu bilan eng yuqgori garmonik hosil uchun sharoit
yaratadi. Ilgari shunga o'xshash yondashuv oltin plazma holatida ko'rsatilgan edi [J.
Appl. Phys. 102, 073105 (2007)]. Plazma emissiyasi bo'yicha vaqtni o'rganishning
go'shimcha motivatsiyasi nishonning ablyatsiya shartlarini aniglash bilan bog'liq edi,
bunda fagat neytral (Al I) va yakka ionlangan (Al I1) zarralar yaqin UB diapazonida
chiqariladi, Fig.5(h).
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(a) (b)

7-rasm (a) AILHQPda YuTG uchun sxema. DP (Fs): haydash femtosekund puls, HP (Fs, Ps): isitish (yokinanosekund,
yoki pikosoniya yokifemtosekund) puls, Nishon: alyuminiy ommaviy nishon; AINZ: alyuminiy nanozarrachalarini oz
ichiga olgan plazma, Garmonika: harakatlantiruvchi imulsdan yuqori tartibli garmonika, EUB: ekstremal ultrabinafsha
spektrometri. (b) Femtosekund (yugori panel) va pikosekund (pastki panel) LHQP dan garmonik spektrlar [Appl. Surf.
Sci. 527, 146702 (2020)].

YuTG tajribalarida biz femtosekundli lazerdan (800 nm, 40 fs) foydalandik. Lazer
nurlanishi nishon yuzasidan ~200 mkm masofada Al NZlarni o'z ichiga olgan LHQP
orgali targaladi, 7(a)-rasm. LHQP 5 mm uzunlikdagi plazma shu’lasini hosil gilish
uchun 300 mm fokusli silindrsimon linzalar yordamida alyuminiy nishon yuzasiga
xuddi shu lazeming sigilmagan nurlanishining 200 ps, 800 nm impulslarini yo'naltirish
orgali hosil gilingan. Garmonik emissiya vertikal yorigdan, oltin bilan goplangan
silindrsimon oynadan, 1200 chizig/mm diffraksion panjarasidan, mikrokanal
plastinkasidan va CCD kameradan tashkil topgan EUB spektrometri yordamida tahlil
gilindi. 7(b)-rasmda ko'rsatilgan garmonika spektri femtosekund bilan
induktsiyalangan LHQP (H35) holatida kesish pikosekunddan kelib chiqgan LHQP
(H25) holatidan kattarog ekanligini ko'rsatadi. Oldingi holatda yuqori tartibli
garmonikalarning rentabelligi pikosekundli impulslar bilan hosil gilingan LHQPdagi
YuTG holatiga garaganda ham kattaroq edi.
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Biz YuTGning Levenshteyn modelidan foydalandik [Phys. Rev. A 49, 2117
(1994)] neytral atomlar va ionlaming garmonik hosildorlikka ta'sirini tahlil gilish. Al
NZ plazmasining garmoniklari odatda neytral zarrachalardan kelib chigishi mumkin.
E'tibor bering, 3 x 1010 Vt sm-2 dan yugori bo'lgan pikosekundlik isitish impulsi
intensivligining oshishi katta migdordagi erkin elektronlaming paydo bo'lishi tufayli
garmonik rentabellikning sezilarli darajada pasayishiga olib keldi. Biz, shuningdek,
alyuminiy plazmasining ikki rangli nasosi (TCP, 800 nm+400 nm) yordamida NZ
LPPda YuTGni amalga oshirdik. Tajribalarimiz davomida ikkinchi garmonika
impulslarning almashtirish samaradorligi (A=400 nm) nisbatan past edi (mos ravishda
0,2 va 0,4 mm galinlikdagi BBO kristallari uchun ~ 2% va ~ 4%). Sobiqg BBO kristalida
kichik guruh tezligi dispersiyasi tufayli plazma sohasidagi ikkita harakatlantiruvchi
impulsning vagtinchalik bir-biriga mos kelishi EUB ning uzunroq to'lgin uzunligi
diapazonida YuTG uchun yetarli edi. Shubilan birga, biz hatto garmonikalarming butun
guruhi yo'gligini kuzatdik, aynigsa H=4(n+1) ga mos keladi. Xususan, H12, H16 va
H20 ning diskriminatsiyasi 0,4 mm galinlikdagi BBO dan foydalanilgan TCP holatida
o'ziga xos xususiyat edi, 0,2 mm qalinlikdagi BBO qo'llanganda esa, bu
garmonikalarning barchasi boshgagarmonikalargadeyarli o'xshash edi, garmonikalar,
shuningdek, g'alati garmonikalar bilan solishtirish mumkin.

Ushbu tadgiqot orgali biz vakuumda Al NZ ning in-situ hosil bo'lishi va sintez
gilingan nanozarrachalar buluti orgali harakatlantiruvchi impulslarning tarqgalishi
alyuminiy atomlari va ionlarini go'llash bilan solishtirganda yaxshilangan garmonik
rentabellikka olib kelishini ko'rsatdik. Al NZlar alyuminiy nishoniga yagin joyda
targaladigan 40 fs impulslar yordamida 37-tartibga gadar yuqori tartibli garmonikalami
hosil gilishga imkon berdi.

Namlanish: Materiallar sirtlarining namlash xususiyatlari turli amaliy va
fundamental ilovalarda muhim rol o'ynaydi va ularning namlanish burchagi (NB) bilan
tavsiflanadi, bu suyuqglik yuzasi va kontakt yuzasi konturlari orasidagi burchakdir.
Qisgacha aytganda, ideal tekis sirtning namlanish burchagi gattiq, suyuglik va bug
'interfeyslarining sirt erkin energiyasiga garab, Youngtenglamasi bilan tavsiflanadi:

cos (8) = ys‘;& (9)
bu yerda s - qattiq (S), suyuglik (L) vabug'(\V) bilan interfeysdagi suv bilan namlanish
burchagi, ysy, v, Vay,, esa mos ravishda fazalararo sirt tarangliklari.
Tenglamadan xulosa chigarish mumkin. (9) kontakt burchagi gattig, suyuqlik va bug'
interfeysidagi erkin energiyaning termodinamik muvozanatining natijasidir. Birog, bu
tenglama g ‘adur-budurlik yoki kimyoviy xilma-xillikni ko'rsatadigan haqiqiy yuzalar
uchun foydali emas. Umuman olganda, sirt namligini baholashda sirtlarning g’adur-
budurlik koeffitsientini hisobga olish kerak. Notekis Notekis yuzalar uchun Young
tenglamasi quyidagicha o'giladi [Ind. Eng. Chem. 28, 988-994 (1936)],
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cosB,, = Tsv=¥si) _ peos (10)

bu yerda r - namlanish reaktsiyasini sezii/aLl‘r/Ii darajada yaxshilaydigan sirt g’adur-
budurlik omili. Shu munosabatga ko'ra, gidrofobik materialning g’adur-budurligining
oshishi uning gidrofobikligining o'sishiga olib keladi va aksincha. 9 va 10 tenglamalar
odatda sirt g’adur-budurlik gattiqg sirtdagi suyuglik tomchisining yopishish burchagi
bilan bog'lash uchun ishlatiladi. Suv bilan namlanish burchaklari (SNB) <90°
gidrofilik, SNB>90° bo'lgan sirtlar esa gidrofobik hisoblanadi. Kontakt burchagi 150°
dan kattaroq bo'lganda sirtlar supergidrofobik deb ataladi. Turli holatlarga ega bo'lgan
supergidrofobik sirtlarning rivojlanishi amaliy go'llanmalarga keng ta'sir giladi va
fundamental tadgigotlar uchun ham katta ahamiyatga ega bo'ladi [Adv. Mater. 19,
3423-3424 (2007)]. [Langmuir 26, 18621-18623 (2010)] ga ko'ra, supergidrofillik sirt
g’adur-budurlik koeffitsienti (10) tenglamada aniglanganidek) kattarog bo'lgan
teksturali va/ yokituzilgan (r>1) birdan ortig materiallarga (notekis va/yoki g'ovakli)
tegishli bo'lishi mumkin. Notekis sirt uchun namlanish burchagi tenglama bilan
berilgan:

cos6. = f Xcos, +f—1 (11)
bu yerdaf - suv tomchisining gattig suyuglik bilan namlanish maydonining nisbati. Bu
tenglamadan f ning giymatini kamaytirish orgali SNB sirtlarning g’adur-budurlik
tufayli ortadi, deb xulosa gilish mumkin (8-rasm). Metall gotishmasining o'zgartirilgan
yuzasida to'yinganlik jarayoni metall sirtining oksidlanishining shakllanishi tufayli
ablyatsiyadan keyin namlanish burchagini o'zgartirish uchun muhim rol o'ynashi

(@) (b) 8-rasm. Kontakt burchagi tahlili uchun suvning turli
namlanish holatlari sxemasi. a) tekis yuzadagi suv
tomchisining yosh holati; (b) toymasin burchak (SA)
yokiaylanma burchaknianiglash; (c) Venzelholati, bu
erda suv tomchilari sirt tuzilmalariga Kirib boradi; (d)
Kessi-Baxter holati, bu erda suv mikro tuzilmalar
tepasida joylashgan va havo uning ostida golib, kirishni
cheklaydi. Bu erda "r" va "{" sirt piiriizliiliigiinii va mos
ravishda Venzel va Kessi-Bakster shtatlari uchun
alogada bo'lgan samarali maydon fraktsiyasini
ifodalaydi[Ind. Eng. Chem.28,988-994 (1936), Trans.

Faraday Soc. 40, 546 — 551 (1944)].

mumkin.

Bizning ishimizda [Appl. Surf. Sci. 527, 146702 (2020)] biz shisha yuzalarga
yotgizilgan NZ gatlamlarini 0'z-o0'zidan yig'ish orgali tayyorlangan Al asosidagi NZ
plyonkalarining namlash xususiyatlarini o'rgandik. Filmni tayyorlash uchun suvda
nanosoniya va femtosekund impulslari natijasida hosil bo'lgan Al bazli NZ
suspenziyalari quyma materialning ablatsiyasidan foydalanilgan. NZ suspenziyasining
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gatlam gatlami tomchilab quyish usuli bilan tozalangan shisha slaydga yotgizildi.
Yangi qatlamni tayyorlashdan oldin, avvalgi gatlam havoda to'liq quritilgan.
Qatlamlarning o'zgaruvchan soni shisha slaydlari rangining o'zgarishini ko'rsatdi va
shuningdek, shisha substratning namlash xususiyatlarining o'zgarishini tasvirladi. Biz,
shuningdek, vakuumda alyuminiyni ablatsiya gilish paytida to'plangan Al asosidagi
NZ gatlamlarining namlanishini tahlil gildik. Tomchi shakli analizatori (DSA 100-E,
Kruss) goplangan va goplanmagan shishayuzalaming namlanish burchagi o'lchovlari

' ~0°

Before | |b)

9-rasm. (a, b) Al asosidagi NZ suspenziyasining
namlanish burchagi o'lchovi, suvda ablyatsiya paytida
hosil bo'lgan va 0° ga yagin namlanish burchagi bilan
supergidrofil ~ xususiyatlarni ~ ko'rsatadigan  shisha
slaydlarga yotqizilgan. (c, d) Vakuumda lazerli ablyatsiya
yordamida shisha slaydga yotgizilgan Al NZlar juda
supergidrofobik sirtni  ko'rsatadi. Ushbu o'lchovlar
davomida biz suv tomchisini sirtga joylashtira olmadik
[Appl. Surf. Sci. 527, 146702 (2020)].

Before | [d)

uchun ishlatilgan. NZlarning vakuumda cho'kishi paytida juda notekis nanostrukturali
plyonka hosil bo'lishi Al NZlar goplamalarining supergidrofobik xususiyatlariga sabab
bo'ldi va shuning uchun bu nanostrukturalar suv bilan namlanganda past
yopishqgoqlikni keltirib chigardi. NZ bilan goplangan sirt topografiyasini tahlil gilish
uchun atom kuchi mikroskopi (hpAFM, Nanomagnitika) ishlatilgan. Vakuumda
yotgizilgan bu qoplamalarning galinligi ~150-200 nm edi. Ushbu tadgiqotlar
vakuumda to'plangan Al NZ lar goplama galinligidan gat'i nazar, supergidrofobik
xususiyatlarga ega ekanligini ko'rsatdi. Biz deyarli shaffof bo'lgan yotqizilgan
yuzalardagi namlanish burchagini o'lchadik va ularning supergidrofobik reaktsiyasini
ko'rsatdik. Qoplama bir xil emas edi. Biroq, yotqgizilgan oynaning turli joylarida
namlanish burchagi bir xil bo'lib goldi. Quyida keltirilgan namlanish burchagi
o'lchovlari (9-rasm) shishaning turli goplamali hududlarida namlanish burchagi
o'lchovlarining o'rtacha giymatlari hisoblanadi. Yana bir muhim jihat - sintezlangan
NZ mubhitining roli. Suv muhitida AI(OH)s, AIO(OH) va Al>0Os hosil bo'ladi. Ma'lumki,
oksidlanish Al ni suvda yoki havoda lazer bilan olib tashlashda sodir bo'ladi va
nanozarrachalarning oksidlanishini minimallashtirish uchun maxsus harakatlar gilish
kerak. Oksidlanish ns vaqgt shkalasi bo'yicha nanopartikullaming shakllanishiga,
ularning tuzilishiga (masalan, kattaroq yadro-gobiq zarralari yoki to'liq oksidlangan
kichikroq klasterlar) va o'lcham tagsimotiga katta ta'sir ko'rsatadi. Bundan tashgari, bu
jarayon sintez gilingan NZlarning namlanish xususiyatlariga ham ta'sir giladi. Shunday
qgilib, Al bazli NZ bilan goplangan sirtlarning namlanishining fargining ikkinchi
mumkin bo'lgan izohi cho'kma yuzasida gidroksidlarning mavjudligi yoki yo'qligi
bilan bog'lig bo'lishi mumkin. Yuqorida aytib o'tilganidek, suyuglikdagi lazerli
ablyatsiya paytida yangi hosil bo'lgan sirt suv bilan reaksiyaga kirishadi va tabiatda
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gidrofil bo'lgan alyuminiy gidroksidi (Al (OH)s) hosil giladi. Shu bilan birga, vakuum
sharoitida Al sirtining ablatsiyasi birinchi navbatda Al NZlarning cho'kishiga olib
keladi, chunki kislorod va suv komponentlari ablatsiya yuzasi bilan o'zaro ta'sir
gilmaydi. Ikkinchisida substratlarning namlanishining o'zgarishidagi asosiy rol sirt
erkin energiyasining o'zgarishi bilan bog'lig. E'tibor bering, gattiq substratlaming
namlanishi ularningsirt erkin energiyasi va sirt geometrik tuzilishi bilan boshgariladi.

Boshqga bir magolada [Appl. Surf. Sci. 542, 148560 (2021)] biz ultra tez tolali
lazerlar (femtosekund va pikosekundlik impuls davomiyligi) tomonidan olib
tashlangan uch xil metalning (alyuminiy, mis va galvanizli po'lat) namlash
xususiyatlarining o'zgarishini o'rganib chiqdik. Lazer-sirt strukturasida ishlatiladigan
puls davomiyligi va skanerlash tezligining roli tahlil gilindi. Skanerli elektron
mikroskopiya, atom kuch mikroskopiyasi va zaiflashtirilgan to'liq aks ettirish Furye
transform infragizil spektroskopiyasi (ATR-FTIR) lazer bilan tuzilgan sirtlarning
piiriizlilligi va kimyosini tavsiflash uchun ishlatilgan. Lazerli tuzilishga ega uchta
metallning gidrofobiklik darajasi va 0'z-0'zini tozalash xususiyatlari turli xil
ablyatsiyadan keyingi muhitlarda gariganda solishtirildi. Alyuminiy, misva galvanizli
po'latdan yangi lazer bilan ishlangan namunalar lazer ablyatsiyasindan so'ng ulaming
kontakt burchaklari o'lchanganda, supergidrofil namlanish reaktsiyasini ko'rsatdi.
Ushbu yangi lazer tuzilmali sirtlarning supergidrofil xususiyatlari atrof-muhit
atmosferasida 30 kunlik garishdan so'ng gidrofobik holatga o'tishi aniglandi, past
bosimli muhitda gariganda supergidrofobik holatga o'tish uchun atigi 6 soat vaqt kerak
bo'ldi. Ultrafast lazerli sirt nano-strukturalash vakuumli garish bilan birgalikda turli
metallarda ekstremal supergidrofobik holatlarga erishishda samarali va tezkor
yondashuv bo'lib chiqdi, bu esa uni 0'z-0'zini tozalashning keng doirasi uchun mos
giladi.

Sirt tuzilishi lazer tizimi (AFS-UFFL-300-2000-1030-300; Active Fiber Systems
GmbH) yordamida A = 1030 nm va takrorlash chastotasi 50 kHz da amalga oshirildi.
F=160 mm bo'lgan F-Theta linzalari bilan jihozlangan galvanometrik skaner (FARO
tech. Xtreme-20) orgali namunalar ustida lazer nurlari skanerdan o'tkazildi. 40
femtosekund (fs) va 1,0 pikosoniya (ps) lazer impulslari lazer nurini fokuslash orgali
alyuminiy, mis va galvanizli po'latning sirtini turli skanerlash tezligida (200 mm/s
bosqichlarida’50-1250 mm/s) tuzilishi uchun ishlatilgan. nishon yuzasida. Lazer nurlari
namunani gorizontal yo'nalishda (0°) va keyin vertikal yo'nalish bo'ylab (90°)
nurlantirish orgali to'rtburchaklar shaklida namuna ustida skanerdan o'tkazildi, bu
panjara nagshlarini yaratish uchun amalga oshirildi. Ikki qo'shni chiziq orasidagi
masofa 100 mkm edi. Sirtdagi fokuslangan nugtaning diametri ~100 mkm edi.
Alyuminiy, mis va galvanizli po'latning ablyatsiya chegaralaridan yuqori bo'lgan
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ablyatsiya uchun5 J/sm? lik gattiq lazer ogimi ishlatilgan. Lazerli ablyatsiyadan oldin
alyuminiy va mis plitalarmning sirtlariqum qog'oz sonini (300#, 800#, 1000# va 1200#)
ketma-ket oshirish orgali tekislandi va keyin 1 mikron olmos pastasini go'llash orgali
saygallandi. Mahalliy yetkazib beruvchidan olingan galvanizli po'latdan foydalanilgan.

Lazer ablyatsiyasi sirt piiriizliiliiglinii oshiradi va skanerlash tezligi va puls
davomiyligiga garab turli sirt tuzilmalarini yaratadi.

Scanning speed (mm/s)
50 250 500 750 1000 1250

10-rasm.  Turli  skanerash
tezligida fs va ps lazer bilan
nurlantirilgandan so'ng vakuumda
saglanadigan galvanizli po'latning
ablyatsiyalangan  yuzalarining
SEMlIari.  Qo'shimchalar turli
skanerlash tezligida tuzilgan
namunalardagi suv tomchilan
shakllarini ko'rsatadi [Appl. Surf.
Sci.542, 148560 (2021)].

fs

Galvanized Steel

10-rasmda 50 dan 1250 mm/s gacha bo'lgan turli skanerlash tezligida
o'rganilayotgan metallaryuzalarida40 fs va 1,0 ps lazer impulslari bilan hosil gilingan
tuzilmalarning taqgoslanishi ko'rsatilgan. Alyuminiy bo'lsa, fs va ps lazerlari
yordamida sirt piriizliliigini sezilarli darajada oshiradigan juda tasodifiy sirt
tuzilmalari yaratilgan. Mis va galvanizli po'lat uchun lazer nurlari yo'li bo'ylab
LIPSSlar va ierarxik mikro va nano o'lchovli tuzilmalar kuzatildi. LIPSS 250 va 500
mm/s skanerlash tezligida ustunlik qgildi, yugoriroq skanerlash tezligida esa sezilarli
darajada kamrog LIPSS va yuqori marjon rifiga o'xshash tuzilmalar bilan bir xil keng
migyosli purizlulik hosil bo'ldi (garang. SEM tasvirlari 750 mm/s va skanerlash
tezligida. yugori). Fs lazer impulslari holatida ko'tarilgan mikro/nanostrukturalaming
shakllanishi, ps impulslari bilan solishtirganda, metall yuzasi bilan gisgaroq o'zaro
ta'sir gilish vaqti bilan bog'liq. Notekis tuzilmalar barcha metallarning ps va fs lazerli
strukturasida hosil bo'lgan. Sirtning piiriizliliigii materialning o0'ziga xos namlanish
xususiyatini yaxshiladi. Kuzatilgan o'tkir sirt tuzilmalari suv o'tkazmaydigan
xususiyatini yaxshilaydigan sirt bilan pastroq yopishishni osonlashtirishi mumkin,
Vakuumda garishdan so'ng lazer bilan tuzilgan sirtlarning supergidrofilikdan
supergidrofobik holatga o'zgarishini ko'rsatish uchun biz garishdan oldin va keyin
namlanish burchagini o'lchadik. 11(a,b)-rasmda vakuumda ~6 soat davomida
garigandan so'ng (a) fs va (b) ps lazerlari bilan o'chirilgan alyuminiy, mis va galvanizli
po'lat namunalarining suv bilan namlanish burchaklarini ko'rsatadi. Ushbu grafiklarda
ko'rsatilgandek, ps yoki fs lazerlari bilan tuzilgan plitalar skanerlash tezligining chet el
diapazonida namlanish burchagining yuqori giymati bilan namoyon bo'ladigan
supergidrofobik xususiyatlarni ko'rsatdi. Shu bilan birga, 11-rasm (c, d) ablyatsiyadan
so'ng darhol (c) fs va (d) ps lazer impulslari bilan o'lchangan alyuminiy, mis va
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galvanizli po'lat namunalarining namlanish burchaklarini ko'rsatadi. Turli skanerlash
tezligida tuzilgan barcha metallar sirtlari odatda lazer ablyatsiyasidan so'ng fs va ps

11-rasm.  Aluminiy, mis va
galvanizli po'lat namunalarining suv
bilan namlanish burchaklari fs lazerli
ablyatsiya (a) vakuumda 6 soat
saglashdan keyin va (c) havoda
tuzilgandan so'ng darhol o'lchanadi.
Xuddi shunday, ps lazerli ablyatsiya
bilan ablatsiya gilingan namunalar
(b) vakuumda va (d) havoda
saglanadi. (e) fs va (f) ps lazerli
ablyatsiya bilanishlov berilgan va 30
kun davomida havoda qarigan
namunalar supergidrofobik javobni
ko'rsatdi. Namlanish burchagi lazer
bilan  tuzilgan  sirtdagi turli
nugtalarda bajarilgan o'lchovlarning
o'rtacha giymati [Appl. Surf. Sci.542,
148560 (2021)].
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uchun supergidrofil javobni ko'rsatdi, o'lchangan namlanish burchagi alyuminiy va mis
uchun 50 dan past va galvanizli po'lat uchun 15° dan kam. Shuni ta'kidlash kerakki,
alyuminiy, mis va galvanizli po'latning tuzilmagan sayqgallangan sirtlari mos ravishda
85,20, 78.8° va 86.0° suv bilan namlanish gilish burchaklarini ko'rsatdi.
Bizningishimizda taqdim etilgan uchta metallar orasida, bizning ma'lumotlarga
ko'ra, galvanizli po'lat vakuum yoki havo garishi bilan ultra tez lazer tuzilishi
yordamida namlanishni go'llash uchunilgari o'rganilmagan. Galvanizli po'lat boshga
po'lat variantlarga nisbatan nisbatan arzonligi va yugori korroziyaga chidamliligi
tufayli tom yopish, relslar, ustunlar va boshqgalarda eng ko'p ishlatiladigan qurilish
materiallaridan biridir. Shunday qilib, galvanizli po'latgaberilgan suv o'tkazmaydigan
Xususiyat 0'z-0'zini tozalashda keng ko'lamli dasturlarni tagdim etishi mumkin.
11 (a, b)-rasmda ko'rsatilganidek, galvanizli po'lat fs va ps lazerli ablyatsiyadan
keyin vakuumda qarishdan keyin ham yuqori namlanish burchagini ko'rsatdi.
Vakuumda saglashdan so'ng kontakt burchagi mos ravishda 500 mm/sva 750 mm/s
skanerlash tezligida fs va ps lazer ablyatsiyasi uchun 153°va 154° eng yugori qiymatga
yetdi. Birog, havoda garigan namuna uchun 151° namlanish burchagi olingan. Ushbu
tadgiqot shuni ko'rsatdiki, vakuumli tizimli sirt galvanizli po'latdan, aynigsa lazer bilan
ishlov berishning yuqori skanerlash tezligida havo bilan ishlaydiganlarga garaganda
yaxshiroq ishlashga ega. Vakuumda saglanadigan lazerli tuzilmali sirtlaming suvni
gaytaruvchi xususiyatlaridan tashqari, biz ushbu sirtlarning sirpanish burchagini
o'lchash orgali ularning 0'z-0'zini tozalash harakatlarini ham tekshirdik.
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12-rasmda fs va ps impulslaribilan tuzilgan alyuminiy, mis va galvanizli po'lat plitalar
uchun vakuumda 6 soat davomidagaritilgandan keyin sirpanish burchagi ko'rsatilgan.
Alyuminiy holatida, skanerlash tezligining oshishi bilan fs va ps lazerli tuzilmali
sirtlarning sirpanish burchagi kamaydi.

DZexlraweekofairageing 12-rasm. (a) fs va (b) pS im pulslari bilan
ishlov berilgan alyuminiy, mis va
ruxlangan po’latning sirpanish burchagi
o'lchovlari, so'ngra vakuumda saglash. 90°
burilish burchagi alyuminiy va galvanizli
po'lat uchun ma'lum tezliklarda toymasin
burchakni aniglash mumkin emasligini
ko'rsatdi. Shunga mos ravishda, 90° eng
yuqori giymat sifatida ishlatiladi, bu suv
. tomchisining sirtga yugqori yopishishini
R = ko'rsatadi [Appl. Surf. Sci.542, 148560
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Pastrog skanerlash tezligida suv tomchisi sirtga yopishgan holda goldi va aylanmadi.
Boshqga tomondan, mis har xil skanerlash tezligida 3° dan ~0,5° gacha bo'lgan kichik
o'zgarishlar bilan barcha skanerlash tezligi uchun 0'z-0'zini tozalaydigan suv
o'tkazmaydigan harakatini ko'rsatdi. Vakuumda 6 soat davomida garigandan so'ng, mis
va alyuminiy namunalari Kassi-Baksterning yuqori skanerlash tezligida namlanish
holatini ko'rsatdi, chunki ular yugori namlanish burchagi va past aylanish burchagini
ko'rsatdi. Shu bilan birga, lazerli tuzilmali galvanizli po'lat, hatto vakuumda 6 soat
gariganidan keyin ham, 90° yuqori burilish burchagini ko'rsatdi va barcha skanerlash
uchun lazer bilan tuzilgan joylar bilan suv tomchisining kuchli yopishishi tufayli
tomchi tushmadi. tezliklar.

Birog, strukturali galvanizli po'lat namunasini havoda go'shimcha ikki hafta
davomida saglagandan so'ng, sirpanish burchagi o'lchanganida, biz uning namlanish
burchagi 150° ga oshganini va aylanma burchagi sezilarli darajada kamayganini
anigladik, aynigsa 50 past skanerlash tezligida. va fs va ps impulslarini davolash uchun
250 mm/s. Ushbu skanerlash tezligi uchun fs impulslari yordamida mos ravishda~0,5°
va ~30° giymatlarining aylanish burchagiga erishildi. Ps impulslari uchun esa 50 va
250 mm/s past skanerlash tezligida ~1° va ~36° burilish burchaklari olingan.
Davomiyliklari fs va ps lazerli ablyatsiya bilan yuqori skanerlash tezligi uchun
vakuumli garish va go'shimcha 2 hafta garigandan keyin aylanish burchagi o'zgarishsiz
goldi va suv tomchilarining kuchli yopishishi kuzatildi. Shunday qilib, biz galvanizli
po'latdan supergidrofobik namlanish holatiga o'tish va 0'z-0'zini tozalash qobiliyatini
namoyish gilish uchunalyuminiy va misganisbhatan ko'proq garish vaqtini talab giladi
degan xulosaga keldik va bu fagat past skanerlash tezligida sodir bo'ladi. Past
skanerlash tezligi galvanizli po'latdan chuqurrog po'lat gatlamiga etib boradigan
chuqurroq tuzilmalarga olib keladi, yuqgori skanerlash tezligida tuzilmalar asosan
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yuqori sink gatlamida hosil bo'ladi. Po'latning uglerod birikmalarini adsorbsiyalash
gobiliyati sink gatlamidan yuqori bo'lib, bu asosan past skanerlash tezligida
supergidrofobik va 0'z-0'zini tozalash xususiyatlarini kuzatish bilan mos keladi.

(a) —— Fresh LT —— Fresh LT (c) ——Fresh LT
—— Vacuum aged —— Vacuum aged —— Vacuum aged
Fresh laser treated Fresh laser treated Fresh laser treated
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13-rasm. Fs lazerli strukturali (a) alyuminiy, (b) mis va (c¢) vakuumli garishdan oldin va keyin
galvanizli po'latning ATR-FTIR tahlili. Vakuumli eskirgan namunalar uglevodorodning
adsorbsiyasini ko'rsatdi [Appl. Surf. Sci.542, 148560 (2021)].

13-rasmda lazer bilan ishlov berilgan alyuminiy (13(a)-rasm), mis (13(b)-rasm)

va galvanizli po‘lat (13(v)-rasm) vakuumda saglashdan oldin va keyin ATR-FTIR
spektrlari ko‘rsatilgan. Ushbu namunalar 50 mm/s skanerlash tezligida tuzilgan.
Ko'rinib turibdiki, lazer bilan ishlov berilgan namunalar 2800-3000 va 11001750 sm-
1 hududlarida asosiy IR rejimlari yo'q. Bu hududlar sirtga biriktirilgan organik
birikmalar bilan bog'lig. Yangi tuzilgan metall yuzalar gidroksillangan gatlam hosil
bo'lishi tufayli CA <5° bilan kuchli gidrofil bo'lganligi taxmin gilingan edi. Sirtdagi
gidroksil guruhlari va suvda adsorbsiyalangan belgilar o'zlarining tabiatida zaif va
ularni aniglash giyin. Bundan fargli o'laroq, ifloslangan vakuum kamerasida eskirgan
lazerli strukturali metall yuzalarning ATR-FTIR spektrlari gayta ishlangan yuzalarda
organik guruhlaring adsorbsiyasi bilan bog'liq bo'lgan IR rejimlarini ko'rsatdi. 2960,
2923 va 2858 sm™* da paydo bo'lgan chiziglar alifatik -CHs va -CH.-gismlari uchun
simmetrik va assimetrik C-H cho'zish rejimlari uchun tayinlangan. Ushbu bantlar,
shuningdek, vakuumli metallarda 1370 sm-* da paydo bo'ladigan vcrs bukilish modasi
bilan bog'lig. ve=c bo‘ylama modalariga tayinlangan qo'shimcha imzolar 1460 smda
paydo bo'ladi. Bundan tashgari, vakuum bilan ishlov berilgan namunalar mos ravishda
C=0va C-O-C cho'zish rejimlari uchun tayinlangan 1720 va 1169 sm* da go'shimcha
bandlarni ko'rsatdi. Xulosa gilib aytganda, ho'llanishni o'zgartirish uchun juda oz
migdordagi uglevodorodlar kerakligi va fagat lazerli tuzilish va vakuum sharoitlarining
mukammal kombinatsiyasi maksimal suv o'tkazmaydigan va 0'z-0'zini tozalash
xususiyatlariga olib kelishi kuzatildi.

2-Bo’lim. Turli materiallarda ko'p funktsiyali yuzalarni o'ta tez
femtosekundli lazer yordamidaishlab chigarish va ularning yangi ilovalari.
Ushbu bo'limdabiz o'z ishimizni tagdim etamiz [Front. Chem. 8, 768 (2020), J.

Phys. D: Appl. Phys. 54, 185109 (2021), Appl. Sci.10, 6207 (2020)] turli xil
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materiallarda ko'p funktsiyali yuzalarni ultra tez femtosekundli lazer ishlab chigarish
va ularning yangi ilovalari. Metall yuzalarda yaxshi boshgariladigan nano/mikrometr
o'lchamdagi tuzilmalarning shakllanishi ularning optik va namlash xususiyatlarini
o'zgartirish imkonini beradi. Bunday tuzilmalarni biomoslashuvchan materiallar
yuzasida shakllantirish, xususan, ularning fan va texnikaning turli sohalarida
go'llanilishini kengaytirishi mumkin. Bu erda [J. Phys. D: Appl. Phys. 54, 185109
(2021)] biz biomoslashuvchan material tantal (Ta) ni metall namunani hurmat bilan
aylantirish orqali azimutal va radial yo‘naltirilgan lazer yordamida induktsiyalangan
davriy sirt tuzilmalarini (LIPSS) o°z ichiga olgan murakkab nano o‘lchamli tuzilmalar
bilan qoplash natijalarini tagdim etamiz. nurlantiruvchi lazer impulslarining
polarizatsiya yo'nalishiga.

Materialning ultragisga lazer impulslari bilan o'zaro ta'siri lazer pulslarining
energiyasini nishon material yuzasining juda kichik mikro/nano o'lchovli joyida
cheklash orqgali davriy sirt tuzilmalarini keltirib chigaradi. Bu yangisirt topologiyasini
tashkil etuvchi reaktsiyalar zanjirini boshlaydi. Sipe samaradorligi nazariyasi bilan
Drude modeli tushuntiradiki, past fazoviy chastotali LIPSS (LSFL) hosil bo'lish
jarayoni sirtda zich erkin elektron-plazma hosil giluvchi kritik tashuvchi zichlik
darajasidan oshib ketganidan keyin notekis sirtning sirt plazmon polaritonlari (SPP)
uyg’otilishi natijasida boshlanadi. materialdan [Appl. Surf. Sci. 257, 5420 (2011),
IEEE J. Sel. Top. Quantum Electron. 23, 109-23 (2017)]. Keyingi termal diffuziya
jarayoni va elektron-fononning tarqalishi elektronning vagtinchalik evolyutsiyasi va g
bog'lanish parametri orgali panjara harorati tufayli sodir bo'ladi. Shakllangan LIPSS
tuzilma davri LLIPSS ning tushayotgan nur to'lgin uzunligi I, burchak th va sirt
plazmon to'lgin uzunligi ISP bilan bog'ligligi bir pulsli lazer tajribasidan [Opt. Express
19, 903543 (2011)]:

24

Avipss = A% Asp sin (6) (12)
( + ;n)l/z

Asp = XR [—gde;;n | (13)

Bu yerda ¢,,, €; metall va uning atrofidagi dielektrik muhitning o‘tkazuvchanlik
ko‘rsatkichlari. Asp muhit va metall plazmon to'lgin vektorining chegara shartlaridan
kelib chiqgadi. Shakllanish jarayoni bir nechta lazer impulslari bilan ham amalga
oshirilishi mumkin, ular mahalliy darajada ko'prog energiya to'playdi, to'lginlarning
cho'qgisidan cho'gqgigacha chuqurligini oshiradi va to'lginlar davrini gisqgartiradi.
To'plangan ogimning oshishi to'gnashuvlar chastotasiga kvadratik ta'sir ko'rsatadi, bu
metallning dielektrik o'tkazuvchanligining haqigiy gismining oshishiga olib keladi va
natijadato'lginlar yugoridarajada butunlay yo'golib ketish xavfi bilan gisgaradi. ogim
to'planishi [Front. Phys. 10, 861098 (2022)]. Birog, impulssoni ortib borishi bilan
to'plangan ogim kuchayadi va plazmatik go'zg‘alishning qo'shilishi tufayli yugori
fazoviy chastotali LIPSS (HSFL) strukturalar paydo bo'la boshlaydi, bu issiglik
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to'planishi ablyatsiya chegarasiga etgunga gadar o'z ta'sirini davom ettiradi, bu erda
issiglik to'planishi to'xtatiladi. Ta sirtini radial va azimutal yo'naltirilgan LIPSS bilan
goplash uchunbiz tolaga asoslangan yuqori takroriy chastotali femtosekundli lazerdan
foydalandik. Lazer tizimi 14-rasmda ko'rsatilganidek, 150 kHz takrorlash tezligida
30mJ energiyali va davomiyligi 37 fs impulslami generasiyalaydi. Bunda namuna
yuzasida diameter d=70 mkmgacha fokuslangan nur dastasining energiya zichligi Fr =
0.8 J sm2 ga teng bo'lgan laser nuridan foydalanildi. Fp lazer nurining energiya
zichligining maximal giymati quyidagi nisbat yordamida hisoblanadi:

Fp = 4E/nd?, (14)
bu yerda E - lazer impulsining energiyasi. Fokuslangan lazer nur dastasining energiya
zichligi bu material sirtlarini femtosekund lazer impulslari bilan o'zgartirishning asosiy
parametrlaridan biri hisoblanadi. Ushbu tadgiqot davomida biz ablatsiya nurining
o'rtacha ogimidan foydalandik. Yonayotgan nurning yugori ogimi nano-to'lginli
tuzilmalarni yo'q qilishi yoki bir xil nishon materialning kichik o'lchamdagi
nanozarrachalarini to'lginlarga joylashtirishi mumkin. 0,8 J sm-2 ablatsiyali impulslarni
qgo'llash orgali biz namunaning markaziy maydonidan uzoqgda joylashgan nurlangan

| 14-rasm. (a) 150 kHz takrorlash tezligi va 37 fs
3 20 mm impulslar yordamida Ta yuzasida radial va azimutal
yo'naltirilgan LIPSSlarni yaratish  uchun
eksperimental o'rnatish. F-teta linzalaridan (FL =
160 mm) foydalanadigan Faro skanerlash boshi
tizimi (SH), ish joyi bo'ylab bir xil oqgimni
ta'minlaydi, femtosekund lazer manbai bilan
birlashtirildi. (b) Uzoq maydondagi SEM tasviri
(chapda) va Ta namunasining nurlangan yuzasining
rangli optik tasviri (o'ngda) [J. Phy. D: App. Phy.
54,185109 (2021)].

sirtda nanozarrachalar cho'kmasdan Ta sirtlarida nanopartikullarni kuzatdik.

Chiziqli polarizatsiyalangan lazer nurlari namuna yuzasiga perpendikulyar ravishda
yo'naltirilgan, sirtga normal esa tushayotgan yorug'lik targalishi bo'ylab joylashgan.
Skanerlash chizig'ining kengligi 70 mkm ga teng edi, bu fokuslangan lazer nurining
nuqgta o'lchamiga mos keladi. Namunalarni tuzgandan so'ng, ularning sirt
morfologiyasi skanerlash elektron mikroskopi (SEM, Tescan) yordamida tavsiflangan.
Biz foydalangan namunalar 30x30%0,5 mm?3 o'lchamdagi Ta varaglari edi. Namunalar
sirtlari lazer ablyatsiyasidan oldin etanol bilan tozalangan. 15-rasmdagi yuqori panelda
lazer nurlanishining polarizatsiyasi nurlanish impulslarining skanerlash yo'nalishiga
parallel bo'lgan birinchinamunaning o'ziga xossirt joylarida (ragamlar va sariq chizigli
chiziglar bilan belgilangan) SEM tasvirlari va polarizatsiyasi ko'rsatilgan (gizil o'glar)).
Ablatsiya impulslarining qutblanish yo'nalishini skanerlash yo'nalishiga nisbatan
paralleldan perpendikulyarga o'tkazish uchun biz SHdan oldin o'rnatilgan yarim
to'lginli plastinkadan foydalandik. 16-rasmning pastki paneli ikkinchi Ta
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namunasining sirt joylarining SEM tasvirlarini aks ettiradi, bu erda ablyatsiya
impulslarining polarizatsiyasi skanerlash yo'nalishiga perpendikulyar bo'lgan. Bunday
holda, biz kesilgan maydonning markaziga nisbatan radial yo'naltirilgan to'lginlami
kuzatdik. Yuzaki morfologiya o'lchovlari 14-rasm (b) da ko'rsatilgan belgilangan
joylarda amalga oshirildi.

15-rasm. Lazer impulslarining turli
polarizatsiya  yo'nalishlari  bilan
nurlangan Ta diskining tashqi
aylanasidagi  14(b)-rasmdagi 1-8
pozitsiyalariga ~ mos keladigan
belgilangan joylarning SEM
tasvirlari. [J. Phy. D: App. Phy. 54,
185109 (2021)]1.

Biz Ta namunalarini birinchi marta azimutal va radial yo'naltirilgan LIPSS bilan
goplash bo'yicha natijalarni tagdim etdik. Biz yuqori takrorlash tezligi (150 kHz)
nurlantiruvchi femtosekundli lazer yordamida metall yuzasida murakkab LIPSS hosil
gilishda SH va aylanish bosqichini birlashtirishning afzalligini ko'rsatdik. Namunani
aylantirish skanerlash yo'nalishiga nisbatan ablyatsiya impulslarining polarizatsiya
yo'nalishini o'zgartirishga imkon berdi. Skanerlash jarayonidanamunalami aylantirish
orgali 20 mm diametrli o'chirilgan metall yuzaning diski parallel va perpendikulyar
yo'naltirilgan to'lginlar bilan goplangan. Yer yuzasida ikki xil LIPSS zonasi hosil
bo'lgan. Birinchi zonadadavriylik bilan HSFL (Ansr.~0,4+0,2um) va ikkinchi zonada
davriylik bilan LSFL (ALsri=1,5+0,1um)mavjud. Lazerli sirt nanostrukturasi asosida
optik aks ettirishni sozlashdan tashqari, Ta yuzasida LIPSS kompleksining gidrofil
harakati ko'rsatildi. Biz lazer bilan ishlov berilgan Ta sirtining namlash xususiyatlarini
o'lchadik va uni 23° + 5° gateng SNB bilan gidrofil ekanliginianigladik. Lazer ta'sirida
murakkab davriy tuzilmalaming shakllanishi Ta ning namlash xususiyatlarini nazorat
gilish imkonini beradi va implant sifatida ishlatilganda hujayrayopishish va ko'payish
tendentsiyasini yaxshilaydi. Bizning usulimiz boshga metall va dielektrik materiallarga
osonlik bilan kengaytirilishi mumkin, bu erda sirtda bunday murakkab tuzilmalamni
shakllantirish ushbu materiallardan keng ko'lamli ilovalarda foydalanishni
kengaytiradi.

Bizning ishimizda [Appl. Sci. 10, 6207 (2020)] biz ultra gisga lazer impulslari
tomonidan ishlab chigarilgan nanostrukturalar (LIPSS) po'lat, mis va jez yuzalar
alyuminiyda burchakka bog'lig ranglarning paydo bo'lishiga olib keladigan optik
diffraktsiya effektlarini ganday o'zgartirishi mumkinligini ko'rsatdik. Qaytaishlangan
namunalarning bargarorligi va gqayta ishlatilishini isbotlash uchun alyuminiyni gqayta
bo'yashning oddiy jarayonini tagdim etdik. Biz bunday sirtlarning namlanish
xususiyatlarini tahlil gildik va bu xususiyatlar bilan yuzalarning doimiy ranglanishi
o'rtasidagi bog'liglikni ko'rsatdik. Biz, shuningdek, lazer bilan ishlov berishdan keyin

bir necha soat davomida vakuumda saglanganida, femtosekund lazer bilan ishlov
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berish orgali supergidrofobik alyuminiy sirtini ganday ishlab chigish mumkinligini
ko'rsatdik.

() ‘ (b) 16-rasm. (a) 4,5 Vt quvvatda, impuls davomiyligi
40 fs, markaziy to'lgin uzunligi 1030 nm va

% takrorlash chastotasi 150 kHz, F-Teta linzali
olb ob’ektivni o'z ichiga olgan skanerlash boshi (SH)
bilan femtosekundli lazer yordamida metall

“ yuzalarni gayta ishlash uchun eksperimental
(b) = qurilma [App. Sci. 10, 6207 (2020)].

Zanglamaydigan po'lat, jez, alyuminiy va mis plitalar skanerlash boshining turli
tezligida nurlangan. Jez namunasi 5 mm qalinlikda, boshga gayta ishlangan
namunalarning galinligi ~ 2 mm edi. Namuna sirtlari nurlanishdan oldin izopropanol
bilan tozalangan. Turli ishlov berilgan namunalarning sirtlarini tavsiflash uchun
skanerlovchi elektron mikroskop (SEM) ishlatilgan. Yuzaki optik xarakteristikalar
16(b)-rasmda da ko'rsatilgan tajriba tartib yordamida tahlil gilindi. Gorizontal
o'rnatilgan namuna ko'rinadigan spektral diapazonda doimiy spektrga ega bo'lmagan
qutbsiz yorug'lik manbai bilan yoritilgan, u ikkita linza va diafragma orgali parallel
nurgaaylantirilgan. Bizning tadgiqotimizda hodisaholati burchagi (o) 20° da o'rnatildi.
Qayta ishlangan hududning rang beruvchi ta'sirini tekshirish uchun turli burchaklardagi
targalgan yorug'lik spektrlari (B) optik tolali spektrometr (Flame, Ocean Optics) bilan
o'lchandi. Turli metallarning rangli palletlari 17-rasmda ko'rsatilgan. Paletalar (a-d)
mos ravishda zanglamaydigan po'lat, mis, alyuminiy va jez namunalarigamos keladi.
Turli ranglarni kuzatish uchun LIPSSni optimallashtirish uchunbarcha namunalar turli
skanerlash tezligida tayyorlangan. Zanglamaydigan po'lat, jez, alyuminiy va mis uchun
optimal skanerlash tezligi mos ravishda 350, 400, 500 va 450 mm/s edi.
Namunalaming suratlari quyosh nuridabelgilangan hodisa holatida (o= 20°) olingan.
Turli ranglar kuzatilganda namunani kuzatish burchagi 0° dan 40° ga o‘zgartirildi.
Diametri 20 mm bo'lgan zanglamaydigan po'latdan, jezdan, alyuminiydan va misdan
yasalgan disklar uchunishlov berish vagtlarimos ravishda15s, 14s, 11 sva 12 s edi.
Sirtlardan burchakka bog'lig bo'lgan rang aks ettirish o'lchovlari 16-rasm (b) da
ko'rsatilgan o'rnatish yordamida amalga oshirildi. Volfram lampasining keng
tarmoqli kengligi namunaning lazer bilan ishlangan maydoniga yo'naltirildi va
difraksiyalangan yorug'lik tolali spektrometr yordamida gayta ishlangan sirtning
normaliga nisbatan turli burchaklarda o'lchandi. Diffraktsiya tenglamasi:

mA = d (sina + sinf) (15)
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LIPSS natijasida paydo bo'lgan turli ranglar ko'rish mumkin bo'lgan yo'nalishni
aniglash uchun ishlatilgan. Bu erda m - diffraktsiya tartibi, A - to'lgin uzunligi, d -
LIPSS oralig'i, a - tushayotgan yorug'lik burchagi, p - difraksiyalangan yorug'lik
burchagi. Qayta ishlangan alyuminiy, mis va zanglamaydigan po'latdan yasalgan
yuzalarning spektral tahlillari 18-rasm (a)-(c) da ko'rsatilgan. Ushbu grafiklar barcha
metall namunalar uchun juda mos nagshni ko'rsatadi va shuning uchun turli metall
yuzalarda bir xil LIPSS tufayli aks ettirish o'xshashligining dalili bo'lib xizmat
giladi. Shu bilan birga, ishlov berilmagan sirtlarda (18-rasm (d) - (f)), ishlov berilgan
yuzalardan fargli o'laroq, ko'zgu spektrlari kuzatuvning turli burchaklarida bir xil
bo'lib goladi (18 (a)-rasm). (c)).

17-rasm. Rangli palitralar qayta ishlangan (a)

Stainless Steel (2 ll{ [ } [I ‘I zanglamaydigan po'latdan, (b) misdan, (c)

alyuminiydan va (d) jezdan ragamli kamera

Copper (b) l..‘ L] U. orgali turli ko'rish burchaklarida olinadi.

Zanglamaydigan po'lat, mis, alyuminiy va jez
|___H 3 1. m j . uchun skanerlash tezligi mos ravishda _3?0,
L : . 400, 500 va 450 mm/s edi. Lazer nurlarining
energiya zichligi 1,0 J/sm? ni tashkil etdi.

Brass (d) H Ej. D oshgani sayin ranglar ko'rinadigan spektrning
0° 10°

a° El “ uzunrogq to'lgin uzunligi hududiga siljidi.

Aluminum (c)

" Vogea nurining burchagi 20° daraja atrofida
f edi [App. Sci. 10, 6207 (2020)].

Toza namunalarda yangi ranglar ishlab chigarish gobiliyatini ko'rsatishdan tashgari,
quyidabiz gayta ishlangan metallar yuzasidagi rangni bir xil lazer nurlanishidan
foydalanib o'chirish va qayta rang berish mumkKinligini ko'rsatamiz.

18-rasm. Qayta ishlangan yuzalardan [(a) alyuminiy, (b)
zanglamaydigan po'lat, (¢) mis] va ishlov berilmagan
yuzalardan [(d) alyuminiy, (e) zanglamaydigan po'lat, (f)
mis] aks ettirish spektrlari. Har bir grafikdagi turli egri
chiziglar kuzatishning turli burchaklariga mos keladi.
Ko'rinib turibdiki, ishlov berilmagan yuzalarda, gayta
ishlangan yuzalardan fargli o'laroq, aks ettirish spektrlari
kuzatuvning turli burchaklarida bir xil bo'lib qoladi. (a—c)
dagi ranglar mos keladigan burchaklarda ko'z bilan ko'rish
mumkin bo'lgan ranglarga mos keladi. Burchak (8) 0° dan 40°
gacha bo‘lgan, bunda 0° spektrometrning namunaga
perpendikulyar bo‘lgan holatiga to‘g‘ri keladi. B oshgani
sayin uzunroq to'lgin uzunliklari aniglandi [App. Sci. 10,
6207 (2020)].

128 (a) Treated aluminum | (@ Non-treated aluminum

{arb units)
o =

Refre:

Reflectance (arb. units)

Reflectance (arbd. units)

19-rasmda ko'rsatilganidek, alyuminiy namunasi to'q oltin rangga (A) aylantirildi va
keyin unideyarli asl rangiga gaytarish uchun o'chirildi. Keyin xuddi shu namunaoq
rangga (B) bo'yalgan, uning bir gismi yana o'chirilgan va gora yarim doira (C) ga
bo'yalgan. Biz lazer yordamida davriy sirt tuzilmalarini shakllantirish va davriy
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bo'lmagan nano/mikro tuzilmalarni shakllantirish orgali alyuminiy, mis, po'lat va
guruchning femtosekundli lazerli sirt tuzilishi yordamida doimiy va burchakka
bog'liq ranglarning ko'rinishini namoyish etdik. Biz ushbu ikkala rangli turlar
guruhini lazer bilan ishlov berishning go'shimcha bosgichidan foydalanib o'chirish
yoki gayta bo'yash mumkinligini ko'rsatdik. Materialning sirtini gayta qurish
jarayoni SPP uyg’otilishi va uning lazer nurlanishigaaralashuvi bilan bog'liq. Ushbu
shovqin sirt bo'ylab lazer intensivligining gayta tagsimlanishiga va uning davriy
nagshiga olib keldi. Skanerlash tezligi yaratilgan tuzilmalarning natijaviy optik
xususiyatlarini aniglashda asosiy omil ekanligi aniglandi. Oldindan o'zgartirilgan sirt
strukturasi har bir keyingi impuls uchun teskari aloga sifatida xizmat gilishi mumkin
bo'lgan optimal skanerlash tezligi mavjud, bu ko'p impulsli rejimda ishlab
chigarilgan LIPSSning anigligini oshiradi.

19-rasm. Ishlov berilgan namunadagi rangni o'chirish va
alyuminiyning o'chirilgan yuzasida hosil bo'lgan yangi
ranglarning shakllanishini namoyish qilish. Panel (a):
original namuna; panel (b): panelni tushuntirish (a): A,
dastlab quyuq oltin disk yaratilgan. B, to‘q oltin rang
o‘chirilgandankeyin oqartirilgan rang, C, oqartirilgandan
keyin qora yarim doira, D, oqish rang o ‘chirilgandan keyin
och oltin rangli chiziq va E, oq rangga bo‘yalgan quyuq
oltin rang. To‘q oltin, oq, qora va och oltin ranglami

¥ skanerlash tezligi mos ravishda 70 mm/s, 1500 mm/s, 10
" mm/s, 200 mm/s (ikki marta) edi. Lazer nurlarining

E ravonligi 0,5-1,0 J/sm? oralig'ida edi. 5b-rasmda mos

ravishda A, B, C, D va E gismlarining tasvirlari berilgan
b Tl [App. Sci. 10, 6207 (2020)].

L& “._“I’{W -
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Turli rangdagi metallarning spektral aks ettiruvchi xossalari va gayta ishlangan
metall yuzalarning namlanishi o'rtasidagi bog'liglik ham o'rganildi. Bizgayta ishlashda
go'llaniladigan lazer parametrlari to'plamini optimallashtirish orgali bir vaqtning o'zida
rang berish va metallarning namlanish xususiyatlarini moslashtirish imkoniyatini
ko'rsatdik. Bundan tashgari, lazer bilan ishlov berilgan namunalarni vakuumdasaglash
ularning namlanishga bo'lgan javobini gidrofildan supergidrofobikka o'zgartirdi, hatto
vakuumda saglangan namunani atrof-muhit atmosferasida goldirgandan keyin ham
doimiy davom etadi. Vakuumli garish namunaning sirt energiyasini oksid gatlamining
desorbsiyasi, so'ngra atrof-muhitdan uglerod turlarining adsorbsiyasi orqali
o'zgartirishga imkon beradi. Neft-suvniajratish uchun membranalarni o'ta namlash va
tanlab o'tkazuvchanligi yordamida yog'ni suvni ajratish katta ekologik va igtisodiy
ahamiyatga ega. Biz [Front. Chem. 8, 768, (2020)] da ultragisga femtosekundli
Impulslar yordamida zanglamaydigan po'lat va mis to'rlarni nanostrukturalash orgali
suv ostidagi supergidrofil-superoleofobik holatga namlanish reaktsiyasining
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supergidrofobik-superoleofob holatiga o'tishi haqgida xabar beramiz. Bizning
yondashuvimiz ekologik toza, kimyoviy moddalarsiz va samaralidir, chunki u yuqori
vakuumli muhitda gayta ishlangan namunalami garish afzalliklaridan foydalanadi.
Yog'-suv aralashmasi uchun 98% ajoyib ajratish samaradorligini ko'rsatadigan
membranalarni ishlab chigarish uchun lazerni skanerlash parametrlarini, to'r
bo’shliklarining hajmini va garish sharoitlarini optimallashtirdik.

Lazerli skanerlash tezligining funksiyasi sifatida turli tarmoglar uchun suv va
moy bilan namlanish burchaklarining o'zgarishi ko'rsatilgan. 150 mkm kovakchalar
o'lchamlizanglamaydigan po'latdan yasalgan to'rlar va 100 mikron gozenek o'lchamli
mis to'rlar neft va suv fazalari uchun ajoyib namlanish reaktsiyasini namoyish etdi.

Scanning speed (mm/s)
Mesh # 100 300 600 900 1200

a— |

LY —

. ——r
N
2pm

Vakuumli garish suv molekulalari yo'gligida lazer tuzilmali yuzalarda
uglevodorodlarning tez kimyosorbsiyasini keltirib chigaradi, bu esa namlanish holatini
tezda supergidrofildan supergidrofobikka o'zgartiradi. Lazer ta'siri ostida yuza
tuzilmalari 100 dan 1200 mm /s gachabo'lgan o'zgaruvchan skanerlash tezligida turli
xil o'lchamdagi SS to'rlarida yaratilgan. Lazer yordamida tuzilish uchun turli xil
galinlikdagi va g'ovak o'lchamdagi SS to‘rlari (50 #, 100 #, 300 # va 500 #) tanlangan
(20-rasmning chap ustuni). Ushbu panellarning barchasida LIPSS yo'nalishi har doim
lazer polarizatsiyasiga perpendikulyar edi. Ikkita eng yugori skanerlash tezligida 900
va 1200 mm/s bo'lgan tarmogqlarda ishlov berilmagan hududlar keng tarqaldiva davriy
tuzilmalarning chuqurligi sezilarli darajada pasaydi. E'tibor bering, NT ishlov
berilmagan to'rlarni anglatadi. 50# to‘r sim diametri 200 mkm va g‘ovak o'lchamlari
400 mkm. 100# to‘rsim diametri 100 mkm va g‘ovak o'lchamlari 150 mkm. 300# to‘r
sim diametri 30 mkm va g‘ovaklar o'lchamlari 50 mkm. Nihoyat, 500# to‘r sim
galinligi 25 mkm va g‘ovak o'lchamlari 30 mkm. Lazer nurlanishining parametrlariga
garab, ishlov berilgan sirt spallatsiya yoki fazali portlash mexanizmlari tomonidan
boshqariladigan ablyatsiya jarayonidan o'tishi mumkin [Appl. Surf. Sci. 255, 9724
(2009)]. Spallasyon lazer ta'siridan kelib chigadigan stresslarni yumshatish orgali katta
suyuqlik yoki gattiq zarrachalarni chigarib yuborish sifatida aniglanadi. Holbuki,
portlovchi gaynash deb ham ataladigan fazali portlash nishon yuzasining o'ta gizib
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20-rasm. Turli skanerlash tezligida
(100-1200 mm/s) tuzilgan SS
meshlarining SEM. Lazer bilan

= induktsiyalangan ~ davriy  sirt
tuzilmalari  (LIPSS) turli xil
3 skanerlash tezligida ~1 mkm

bo'lgan turli xil to'r o'lchamlari
uchun kuzatilgan [Front. Chem. 8,
768 (2020)].




ketgan gismlarining portlovchi parchalanishi natijasidamateriallarni olib tashlashni oz
ichigaoladi [J. Phys. Chem.C 113, 11892 (2009)] SS to‘rlari 300# va 500# uchun 100
mm/s sekin skanerlash tezligida LIPPS bo'ylab mikro-g‘ovak hosil bo‘lishi va mikro-
zarrachalaming gayta joylashishi kuzatildi. 300 va 600 mm/s skanerlash tezligi uchun
barcha tarmoq turlari uchun ~1 mkm davriy yagona LIPSS hosil bo'ldi. Ishlov
berilmagan to'r yuzasi bilan taggoslaganda, lazer bilan ishlov berilgan yuzalar LIPSS
bilan goplangan, bu ularning sirt g‘adur-budurligi keskin oshiradi.

Biz ablyatsiyadan so'ng darhol lazer bilan tuzilgan sirtlarning namlanish
burchagini o'lchadik. Dayriy strukturaviy shakllar 21-rasmda ko'rsatilganidek,
ablyatsiyadan so'ng darhol supergidrofil reaktsiyasini ko'rsatdi.

21-rasm. (a) havodagi supergidrofil
hodisani va (b) suv osti-superoleofob
xususiyatlarini ko'rsatadigan femtosekundli
lazerli strukturali tarmogning namlanishi
[Front. Chem. 8, 768 (2020)].

Bu hodisa lazer tuzilishi paytida metall oksidi gatlamining shakllanishi bilan bog'lig.
Yangi o'chirilgan metall to'rlar uchun suv bilan namlanish burchagi ~0° va suv tomchisi
to'r orgali ~0,1ms tezlikda o'tib, supergidrofil xususiyatlarni namoyon qildi. Ushbu
supergidrofil to'rlar suv ostida superoleofobik javobni ko'rsatdi, moy bilan namlanish
burchagi (YNB) barcha skanerlash tezligiva metall to'r turlaribo'yicha 155° dan 163°
gacha. Atrof muhitda 60 kun davomida uzoq muddatli ta'sir gilishdan so'ng yoki
vakuumda 4 soat garigandan so'ng, lazer bilan tuzilgan to'rlarda supergidrofobik
xususiyat ustun bo'ldi. 22-rasmda lazerli tuzilmali SS to'rlarining turli xil o'lchamlar
uchun skanerlash tezligi 100 dan 1200 mm/s gacha bo'lgan kontakt burchagi o'lchovlari
ko'rsatilgan. Suv bilan namlanish burchagi va moy bilan namlanish burchagi lazer bilan
ishlov berilgan joylarga 5 mkl suv va moy (n-geksan) tomchilarini dozalash orgali
aniglandi. Biz yangi (ya'ni, ablyatsiyadan so'ng darhol) tuzilgan sirtlarga nisbatan
vakuum yoki havoda eskirgan namunalaming namlanish reaktsiyasida sezilarli
o'zgarishlarni kuzatdik. SS 50, 100 va 300# to‘rlar uchun yog* chigib ketdi, SS 500#
to‘r uchun esayog‘ning namlanish burchagi 0° ga yagin edi va moy bo’shliklardan ogib
chigmadi, balki kapillyar ta’sir tufayli bir tekis tarqaldi.
LIPSS ham vakuumli, ham havodagi to'rlar uchun.Havoda yoki vakuum muhitida
garish natijasida lazer ablyatsiyasilazer tuzilmali yuzalarni bir vaqgtning o'zida ko'proq
gidrofobik va oleofil holga keltirdi. Lazerni skanerlash tezligining oshishi bilan
yog'ning o'tkazuvchanligi biroz pasaydi, shu bilan birga oleofil xususiyatlar saglanib
goldi. 50, 250 va 400 mkm sim diametrlari bilan mos ravishda 100, 500 va 800 mkm
g‘ovak o'lchamdagi mis to'rlari femtosekundli lazer bilan o'chirildi va keyin havo va
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vakuum muhitida saglangan. Mis to'rlarda lazer ta'siri ostida tuzilmalaring
shakllanishi ularning sirt rangini kulrang qora rangga o'zgartirdi. 100 mm/s skanerlash
tezligida to'rlarning tuzilgan yuzasida mikro va nanozarrachalar bilan goplangan
LIPSS hosil bo'ldi; to'lginlar orasidagi o'rtacha davr ~1 mkm edi. 300 mm/s skanerlash
tezligida tuzilgan 500 va 800 mkm mis to'rlar uchun biz toza mis to'rga o'xshash
teksturasiz joylarni topdik. Bundan tashgari, 300 mm/s skanerlash tezligida lazer
nurlari yo'li bo'ylab chigib ketishlari bo'lgan tasodifiy nanostrukturalar kuzatildi. Ikki
xil skanerlash tezligida o'zgartirilgan lazerli tuzilmali misto‘rlarning suv va moy bilan
namlanish burchagi uchun o'lchovlar o'tkazildi, so'ngra 4 soat davomida vakuumda
garish va 60 kun davomida havo garishi amalga oshirildi. Strukturaviy 100 mkm mis
to‘r suv bilan namlanish burchagi 153,2° bo'lgan vakuumda saglashdan keyin 300
mm/s skanerlash tezligida kuchli supergidrofobik javobni ko'rsatdi.

{Water Contact Angle | | Oil Contact Angle

\Ir\h #osw

nnb.@:@—ﬁﬁ
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22-rasm. SS to‘rlarining suv bilan
namlanish burchagi va moy bilan
namlanish burchagi o‘lchovlari (50#,
100#, 300# va 500#) keyin 4 soat
davomida vakuumda saglanadi. 100-
1200 mm/s  skanerlash  tezligida
femtosekundli lazer bilan tuzilish [Front.
Chem. 8, 768 (2020)].

23-rasm. 100 va 300 mm/s skanerlash
tezligida femtosoniyali lazer yordamida
tuzilgan uchta mis to'rning (100, 500 va 800
mikron gdzenek o'lchamlari) SEM tasvirlari.
Lazer bilan ishlov berish LIPSS va go'pol sirt
+ AL E B tuzilmalarini shakllantirishga imkon berdi.
"\" [ o gz Bazi hududlar 300 mmfs  skanerlash
: tezligida 500 va 800 mikron gdzenek
o'lchamli to'rlar uchun teksturasiz bo'lib
goldi. Eslatma: NT ishlov berilmagan to'rni
anglatadi [Front. Chem. 8, 768 (2020)].

100 ppm copper

500 pm copper

800 pm copy

L

E'tibor bering, shunga o'xshash sharoitlarda havo yoshidagi namunalar uchun 135,7
suv bilan namlanish burchagi olingan. Vakuumli saglashdan keyin yugori suv bilan
namlanish burchagigaerishish tendentsiyasi har bir mis to‘r uchun vaturli skanerlash
tezligida kuzatildi. Shu bilan birga, yog' tomchilari to'r orgali o'tib, super oleofil
javobni ko'rsatadi. Lazer bilan ishlangan 500 va 800 mkm mis to'rlari vakuum va havo
garishidan keyin ham gidrofobik xususiyatlami ko'rsatdi. 100 va 300 mm/s skanerlash
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tezligida lazer tuzilishidan so‘ng yuqori vakuumda saglanadigan 500 mkm mis to‘r
uchun 145,2° va 141,1° SNBIari olingan, havoda eskirgan namunalar esa kichikrog
SNBlarini ko‘rsatdi (mos ravishda 134.2° va 141.2°). Xuddi shunday tendentsiya 100
mm/s skanerlash tezligida tuzilgan 800 mkm to'r uchun suv bilan namlanish burchagi
137,2° vakuumli va havo yoshidagi namunalar uchun 126,8° uchun kuzatildi. Shu bilan
birga, namunalarning moy bilan namlanish burchagi superoleofil xususiyatlarga ega
bo'lgan neft uchun yuqori o'tkazuvchanlikni ko'rsatdi. 24-rasmda 100 mm/s skanerlash
tezligida tayyorlangan namunalar uchun vakuum garishidan oldin va keyin lazerli
strukturali zanglamaydigan po'lat va mis metall yuzalar uchun ATR-FTIR spektrari
ko'rsatilgan.

24-rasmda ko'rsatilganidek, lazer bilan ishlov berilgan namunalar 2,800-3,000 va
1,100-1,750 sm-1 hududlarida asosiy IR rejimlariga ega emas, ular sirtga uglevodorod
birikmalari bilan bog'lig. Bu kutilmoqda, chunki lazer bilan ishlov berilgan namunalar
tuzilishdan so'ngdarhol kontakt o'lchanganida kuchli gidrofil edi. Biroq, sirt gidroksil
va suvda adsorbsiyalangan belgilar tabiatda zaif va hozirgi ZnSe kristalli yordamida
aniglash giyin. Bundan farqgli o'larog, vakuumda lazer bilan ishlov berilgan metall
yuzalar uchun ATR spektrlari ishlov berilgan sirtlarda uglevodorodlaming
adsorbsiyasi bilan bog'liq bo'lgan IR rejimlarini ko'rsatdi. Alifatik -CHs va -CH.-
gismlari uchun C-H cho'zish rejimlari uchun tayinlangan 2,960, 2,923 va 2,858 sm™* da
0'ziga xos chiziglar paydo bo'ladi. Ushbu bantlar, shuningdek, vakuumli metallaring
ikkalasida ham 1370 sm™ da paydo bo'ladigan ucns bukilish modasi bilan bog'lig.
Qo'shimcha imzolar uc=c bo‘ylama modalariga tayinlangan 1,460 sm da paydo
bo'ladi. Bundan tashgari, vakuum bilan ishlov berilgan mis namunasi mos ravishda
C=0va C-0-C cho'zish rejimlari uchun tayinlangan 1,720 va 1,169 sm! da go'shimcha
bandlarni ko'rsatdi. Xulosa qgilib aytganda, vakuum kamerasidagi lazer bilan ishlov
berilgan metall yuzalar organik uglevodorodlaming sirtda adsorbsiyasini
osonlashtiradi, bu esa yuqorida aytib o'tilgan vakuumli to'r yuzalarida kuzatilgan super
gidrofobik harakatga olib keladi.

Lo o I 24-rasm.  Vakuumli  qarishdan
|l oldin va keyin lazer bilan ishlov
e berilgan (A) SS va (B) misning
T ATR-FTIR  spektrlari  [Front
Chem. 8, 768 (2020)].

Biz lazer bilan gayta ishlangan to'rlarni yugori vakuumli muhitda bir necha soat

davomida saglash neft va suvni ajratish ilovalari uchun qgisga vaqgt ichida
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superhidrofobik superoleofil to'rlarni ishlab chigarish uchun samarali yondashuv
ekanligini ko'rsatdik. Shuningdek, biz havo, vakuum yoki uglerodga boy
atmosferalami saqlash muhiti sifatida ishlatadigan pikosekundli impulslar yordamida
ilgari xabar gilinganidan oshib ketadigan namlanish xususiyatlarining shakllanishini
namoyish etdik [J. Laser. Appl. 27, S29107 (2015)].

Davomiyligi 102 s bo’lgan lazer impulslaridan foydalangan holda suv bilan
maksimal namlanish burchagi 120° ekanligi xabar gilingan, bizda esa 36 fs impulslar
bilan ishlab chigarilgan mis to‘rlarning vakuumli qarishi holatlarida namlanish
burchagi 153,5° gacha bo‘lgan qiymatlarga yetdi va shu bilan ajoyiblikni namoyish
etdi. namunalarimiz super hidrofobiklik harakati.

Bizning tadgiqotimizdagi suv bilan namlanish burchagining kuchayishi
femtosekund impulslari tomonidan yaratilgan nanoripllarning o'tkir girralariga ega
bo'lgan chuqurroq davriy tuzilmalarning shakllanishi bilan bog'liq bo'lishi mumkin.
O'tkir girrali nanoripellar yaginida kuchlirog mahalliy maydonlarni ko'rsatadigan
bunday tuzilmalar vakuum nasoslari yoki vakuum kamerasi devorlaridagi yog'li
ifloslantiruvchi moddalardan ko'p migdorda uglevodorodlarni uzogroq (pikosekundli)
Impulslar natijasida hosil bo'lgan tuzilmalarga garaganda yaxshiroq adsorbsiyalash
tendentsiyasiga ega. Vakuum va havo qarishidan so'ng super hidrofobiklik va
superoleofillikni ko'rsatgan ishlab chigarilgan mis va SSto'rlari suvni to'sib qo'yish va
neftning o'tishini ta'minlash orgali neft-suv aralashmalarini ikki xil komponentga
ajratishda sinovdan o'tkazilishi mumkin.

25-rasmda yog'-suv aralashmasini ajratish uchun vakuumda eskirgan lazerli
strukturali misto'rning imkoniyatlari ko'rsatilgan. To'r lazer bilan ishlov berilgan sirt
aralashmaga garagan tarzda joylashtirilgan. Yog'-suv aralashmasi n-geksan (yog’)
uchun yugqori o'tkazuvchanlikka ega bo'lgan lazerli tizimli to'rga quyiladi.
Identifikatsiya gilish uchun suv metilen ko'k rangga bo'yalgan. Yog'-suv aralashmasi

25-rasm. 300 mm/s skanerlash tezligida
tayyorlangan lazerli strukturali va vakuumli mis
to'r yordamida neft-suvni ajratishni ko'rsatish. Ikki
suyuglikni yaxshirog aniglash uchun suv metilen
Br— = kok bilan bo'yalgan. Yog ‘o'tadi, suv esa
- superhidrofobik-superoleofil ~ xususiyatga ega
] bo'lgan to'r ustida goladi [Front. Chem. 8, 768
(2020)].

. n-hexane

mis to'rning lazer tuzilmali yuzasiga quyilganda, yog' to'rdan o'tib, trubka ostidagi
stakanga yig'ildi, suv esa to'r ustidagi trubkada (o'ng panelda) to'silgan. Og'irlik
kuchigaasoslangan ajralish 50 Lm~2h"! bo'lgan o'tkazuvchanlik ogimi (F) bilan 15
soniyadan ko'p bo'Imagan tezlikda sodir bo'ldi va ajratilgan yog'da suv kam yoki
umuman suvsiz 98% ajratish samaradorligini ta'minladi.
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Mis va SS to'rlarining galinligi va g'ovak o'lchamlari, lazerni skanerlash tezligi va
garish muhiti bo'yicha olib borilgan tizimli tadgigotimiz 98% va undan yuqori
samaradorlik bilan yog'-suv aralashmalarini ajratishda femtosekundli lazerli tuzilmali
tarmoqlardan foydalanish bo'yicha ko'rsatmalar berdi. Femtosekundli lazerli strukturali
metall to'rlarning namlanishining supergidrofilik  suvosti-superoleofobikdan
supergidrofobik-superoleofilga o'tishitez, oson, ekologik toza, kimyoviy moddalarsiz
va yangi vakuumli garish texnikasi orqgali erishildi, erishilgan namlanish burchagi
153,5° ni tashkil etdi. Moy bilan namlanish burchagi 0° ni tashkil etdi.

Mazkur ishda [Appl. Phys. A 126, 62 (2020)] biz havoda 5 ns lazer impulslari
yordamida ablatsiya gilingan turli materiallarning tekisligi va egri sirtlarining
hidrofobik va hidrofilik xususiyatlarini  ko'rib  chigdik. Suyuglik va
modifikatsiyalangan grafit va AINiCo gotishma novdalar yuzasi o'rtasidagi namlanish
burchaklarining turli xil ogim pulslari yordamida ko'rsatilgan. Ablatsiyalangan grafit
novdaning namlash burchagi 147°, ya'ni o'zgartirilgan kavisli yuzalar supergidrofobik
xususiyatlami ko'rsatdi. Boshga tomondan, 7° ho'llash bilan namlanish burchagi
bo'lgan supergidrofil xususiyatlar ablyatsiyalangan alyuminiy gotishmasida namoyon
bo'ldi. Yog'-suvni ajratish uchun membrana sifatida grafit tayoqchasini go'llash uchun
sxematik model taklif gilindi.

Keyingi ilmiy tadgiqotda [Front. Chem. 9, 792641 (2021)], biz NaAlSi>Os-H-0
zeolitini femtosekund lazerli nanostrukturali zanglamaydigan po'latdan yasalgan
substratlardao'stirdik. Qoplangan sirt XRD, SEM va EDX tomonidan tahlil gilindi va
tozapo'latdan yasalganto'rlar, zeolit bilan goplangan to'rlar va lazerli tuzilmali to'rlar
bilan taggoslandi. Batafsil kontakt burchagi o'lchovlari toza po'latdan yasalgan to'rlar,
zeolit bilan goplangan to'rlar, lazerli tuzilmalar va zeolit bilan goplangan lazerli
tuzilishli SS-100 to'rlari namunalarida amalga oshirildi. Qoplangan va tuzilgan
namunalarda yaxshilangan supergidrofil xatti-harakatlar kuzatildi, zeolit bilan
goplangan lazerli tuzilmali SS-100 to'rlari o'rtacha 15° namlanish burchagini va uzoq
vagt davomida vatakroriy foydalanishdayuqgori chidamlilikni namoyish etdi. Bundan
tashqari, zeolit bilan qoplangan lazerli tuzilmali SS-100 to'rlari neft-suv ajratish
tajribalaridan o'tkazildi va neft-suvni ajratishning kengaytirilgan samaradorligini
anigladi. Jumladan, ajratish tortishish kuchi orgali 18 sekundda 12,738 L-m~-h? suv
ogimi bilan amalga oshirildi va 95% ni tashkil etgan sezilarli ajratish samaradorligini
berdi. Seolit bilan goplangan lazerli tuzilmali SS100 to'rlarining ishlashini tekshirish
uchun yog'-suvni ajratish tajribasi 20 ml suv-n-geksan aralashmasi (hajm bo'yicha 1:1)
bilan amalga oshirildi va SS to'rga quyildi. 1kki suyuglik suvni metilen ko'k bo'yoq
bilan bo'yash bilan ajralib turardi. To'r orgali umumiy suv ogimi va moyning Kirib
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borish bosimi mos ravishda (18) va (19) tenglamalar bo'yicha hisoblab chigilgan [J.
Memb. Sci. 608, 118201 (2020)].
%

F = (16)
AXt
bu yerda F - suvning o'tkazuvchanlik ogimi, V - to'r maydonidan A (m?) o'tgan
suyuqlik haymi va t - ajralishning umumiy vaqti.

Cos6
Pine = 27/11/27 (17)

Pint - Kirish bosimi (kPa), cu1» - moy va suvning oralig kuchlanishi (mN/m), 6 - OCA
(), d - to'rningg'ovak o‘lchami (m). Ushbu tajribalarda to'r shunday joylashtirilganki,
tuzilgan va goplangan sirt pastga garab ogadigan ogimga garaydi. Supergidrofil sirt
xususiyati tufayli suv to'r yuzasidan bir nechasoniyaichida o'tib ketadi, neft esa tor
yuzasidan gaytariladi va u orgali o'tishni rad etadi. Xususan, neft-suv aralashmasidan
suvni ajratish tortishish kuchiorgali 18 soniyaichida 12,738 L-m~2-htsuv ogimi bilan
amalga oshirildi va neftning kirib borishi bosimi bilan 95% dan yuqori ajratish
samaradorligini berdi. 1,2 kPa. 26-rasmda 15 sikl ishlagandan so'ng zeolit bilan
goplangan lazerli tuzilmali SS-100 to'rlari uchun suvni ajratish samaradorligi va oxirgi
tsiklda o'rtacha 94,4% samaradorlikka erishilganligi ko'rsatilgan. Ushbu olingan
natijalar lazer nurlanish bilan strukturalangan SS-100 to'rlarini zeolit moddalari bilam
goplashorgali ularning uzog muddat foydalanishga chidamliligi va go'llanilishini
ko'rsatadi. Zeolit bilan qoplangan lazerli tuzilmali SS-100 to'rlarining kuzatilgan
bargarorligi va gayta ishlatilishi ularni sanoat jarayonlarida neft va suvni ajratishda
kuchli va mustahkam giladi.
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26-rasm. Yugorida zeolit bilan goplangan lazer tuzilmali SS-100 meshlarining suv bilan namlanish burchagi
(SNB) (A) va OCT (B) ga qarish vaqtining ta'siri ko'rsatilgan. [Front. Chem. 9, 792641 (2021)].

Bizningkeyingi ishimizda [Langmuir 39, 18151825 (2023)], mis ko'pik vato'rda
ishlab chigarilgan Yanus membranalarining assimetrik namlanishi yo'nalishli suv
tashish va tumanni yig'ish nugtai nazaridan o'rganildi. Namlanish fargini olish uchun
membranalarning bir tomoni femtosekundli lazerli skanerlash jarayoni bilan ishlov
berildi, bu esa uni supergidrofil (SHL) holatga aylantirdi va shu bilan birga ishlov
berilmagan sirt gidrofobik (HB) ni saglab goldi. Janus tuzilmalari suvning gidrofobik
yuzadan SHL tomoniga o'tishiga imkon berdi va uni teskari yo'nalishda tashishga
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ruxsat bermadi. Ushbu anizotropik suv o'tkazuvchanlik xususiyatlari lazer nurlanishi
bilan ko'piklar vato'rlarda hosil bo'lgan ko'ndalang kesimdagi namlanish gradientidan
kelib chiggan. Namlanish gradienti lazer bilan ishlov berish jarayonining skanerlash
tezligiga bog'lig edi. Juda past skanerlash tezligida membrana butunlay hidrofil bo'lib
goldi (ko'pik holatida). Aksincha, nisbatan yugori skanerlash tezligida ishlov berilgan
maydonning qalinligi etarli emas edi, buning natijasida hidrofobik yuzaga
adsorbsiyalangan bir tomchi suv membrananing hidrofilik gismiga etib bora olmadi.

Membranalar suv diodining xususiyatlarini ko'rsatadigan optimal skanerlash
tezligi 50 mm/s edi. Gidrofob/gidrofil Janus to‘r-asosli tizimi tomonidan qurbagadan
suv yig'ish samaradorligi ko'pikli membrana (2,5 g/sm? soat) bilan solishtirganda
yugoriroq (3,9 g/sm?2soat) edi. Tuman-suvni konversiyalash samaradorligi vagt o'tishi
bilan (2 hafta ichida 0,5 g/sm? soatgacha) tozalangan sirtning supergidrofilligini
buzadigan organik ifloslantiruvchi moddalarning absorbsiyasi tufayli kamaydi.
Namunalami TiO: bilan goplash ularni kamida 60 kun davomida degradatsiyadan
himoya qildi va namunalarning supergidrofilligini tiklashga ulami shunchaki quyosh
nuriga ta'sir gilish orgali erishildi. Bizning fikrimizcha, bu natijalar suv tanqisligi
muammolarini bartaraf etish uchun tumanni yig'ish tizimini yanada rivojlantirishga
yordam beradi, aynigsa cho'llar, girg'oglar va tog' tizmalarida dolzarbdir.

XULOSA

Tadgiqgotlarda olingan asosiy xulosalar quyidagilardan iborat:

1. Ragamli molekulyar dinamik simulyatsiyalar suyuq fazada nanozarrachalar
hosil bo'lishining asosiy mexanizmlari va kerakli o'lchamdagi, shakldagi va
morfologiyadagi alyuminiy nanozarrachalarini olish uchun optimal lazer
nurlanish parametrlari mavjudligini tushunish imkonini berdi.

2. Suvli muhitda nanozarrachalaming vakuumdagiga nisbatan o’chamlari kichik va
o’lchamlari bo’yicha tekis tagsimlanishiga olib keldi. Nanozarrachalaming
o'lchamlari va shaklidagi sezilarli o'zgarishlar tayyorlangan kundan bir oy
muddatdan keyin kuzatildi.

3. Davomiyligi nanosekund bo’lgan lazer impulslari, nistaban kichikrog
o'lchamdagi bir xil nanozarrachalarni ishlab chigarish nugtai nazaridan
samaraliroq va texnologik jihatdan dolzarbrog ekanligiga guvoh bo'ldik.

4. Suvda hosil bo'lgan alyuminiy nanozarrachalar bilan qoplangan shisha yuzasi
supergidrofil xususiyatga ega va vacuum sharoitida hosil gilingan yupga
gatlamlar esa supergidrofobik xususiyatlarga ega ekanligi kuzatildi.

5. Nochizigli yutilish koeffitsientlarining (B) va nochizigli sindirish
ko'rsatkichlarining (y) to’l1gin uzunligi 400 nm bo’Igan nurlanish soxalaridaeng
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10.

11.

12.

13.

yugori qiymatlarga ega bo’lishi mumkinligi Kkuzatildi. Alyuminiy
nanozarrachalarining nochizigli yutilish koeffitsientlari () va nochizgli
sindirish ko'rsatkichlari (y) giymatlari mos ravishda ~ 10" sm W-! va 10-® sm?
W-1 ga teng ekanligi hisoblandi.

Vakuum sharoitda alyuminiy nanozarrachalarini hosil bo'lishi, so'ngra hosil
gilingan nanozarrachalar gatlami orgali targaluvchi lazer impulslarining
alyuminiy nanozarrachalari tarkibidagi zich atomlari va ionlarini bialn o’zaro
ta’sirlashuvi natijasida nochizigli optik jaroyonlar ya’ni yuqori tartibli
garmonikalar generasiyalari kuzatildiva ularning samaradorliklari ortishiga olib
kelishitajribalarda ko’rsatildi. Bunda yuqgori tartibli garmonikalarining tartib
sonlari 37-tartibgacha generasiyalanishining imkonini berdi.

Femtosekund lazer yordamida metallar va metal gotishmalari yuzalarining
doimiy va yorgin ranglarini o'chirish va gayta rangli tus berish mumkinligi
ko'rsatildi.

Lazer nurlanishi parametrlarini optimallashtirish orgali bir vagtning o'zida rang
berish va metallaming namlanish xususiyatlarini boshgarish imkoniyatlari
ko'rsatildi.

Lazer nurlanishi yordamida ishlov berilgan uglerod naychalaridan suv va moyni
ajratishda foydalanish mumkinligi tajribalarda kuzatildi.

Lazer nurlanishi yordamida materiallar sirtida nanostrukturalami hosil gilish va
vacuum sharoitda ularning saqlashda kimyoviy tarkiblari o’zgarishlari natijasida
turli metallarda superhidrofobik hususiyatlarga erishish mumkinligi va ulardan
0'z-0'zini tozalovchi sirtlar sifatida foydalanish uchun keng imkoniyatlar
yaratilishi mumkinligi ko’rsatildi.

Optimallashtirilgan lazer nurlanishi parameterlari ya’ni skanerlash parametrlari,
tor g'ovak o'lchami va saglash sharoitlari orgali nanostrukturalangan
zanglamaydigan po'lat va mis to'rlarida neft-suvni ajratishning 98% lik
samaradorlikka erishish mumkinligi ko'rsatildi.

Tantal elementning sirtida lazer nurlanishi ta’siri davomida murakkab davriy
azimutal va radial yo'naltirilgan davriy strukturalar olish imkoniyatlari
ko’rsatildi. Olingan murrakab strukturalar namunani kelgusida implant sifatida
foydalanish va ularga biologik hujayralaming birikishi va proliferatsiyasi uchun
juda muhim ekanligi isbotlandi.

Femtosekund laser nurlanishi yordamida mis to’ri yoki uning pukka shaklidagi
namunalarining garama-garshi tomonlarini turli xil xususiyatlariga ega holatda
strukturalash mumkinligi ko’rsatildi va ulardan bit tomonga yo’nalgan suv
ogimini yokiyuqori namlik sharoitlarida suv bug’larini yig'ishda qo’llash
mumkinligi ko’rsatildi.



14. Lazerli tuzilmali zeolit bilan goplangan po'lat to’rlar neft va suv aralashmasini
turli neft va suv suyugqliklarini alohida ajratish mumkinligi ko’rsatildi, va
ularning uzog muddta davomida shu hususiyatlarining saglanib golinishi
iImkoniyatlarini namoyish etdi.
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HAYUYHBII COBET DSe.03/31.03.2022.T/FM.10.04 TIO TIPUCYKJIEHUIO
YYEHBIX CTENEHEN NPU UHCTUTYTE ®YHIAMEHTAJILHBIX U
MPUKJAJIHBIX UCCJIEJOBAHUI, “TUMUMCX” HAIIMOHAJTBbHBIN
UCCJIEJOBATEJILCKAN YHUBEPCUTET

WHCTUTYT ®YHIAMEHTAJIbHBIX U ITPUKJIA/THBIX
NCCIIEJOBAHUU

Ma3sxap Ukban

NCCJEJOBAHUS MEXAHU3MOB ®OPMHUPOBAHUS W HOBBIX
IMPUMEHEHUNA MUKPO/HAHOCTPYKTYPUPOBAHHBIX MATEPUAJIOB C
HNCHOJIb30BAHUEM HUMITYJIbCOB ®EMTOCEKYH/JIHBIX JIABEPOB C
BBICOKOH YACTOTOM CJIEJOBAHUS

01.04.02 — TeopeTnyeckasi puszuka
(pu3nko-MaTeMaTHYECKHE HAYKH)

MHNPEJACTABJEHUE
M0 MPUCYKIEHUI0 YUeHOIl cTeneHn AoKTopa ¢punocodpuu (PhD)
HA OCHOBE HAYYHBIX MyOJMKANMKA 0e3 3a1UThI JUCCEPTAIIMH

Tamkenr — 2024



Tema auccepranuu 1okTopa ¢punocodpuu (PhD) mo pusuko-MmaTeMaTHUECKHM HAYKaM
3aperucTpupoBaHa B Boicuieil arrecTaiiuoHHO# KOMUCCHU IPU MUHMCTEPCTBO BhICIHIEr0
o0pa3oBaHusl, HAYKH M HHHOBauuii Pecnyoiinku Y36ekucran noa Homepom B2024.2.PhD/FM1043.

Pe3ynbraTel HccienoBaHUH BHITOTHEHBI BBITONHEHA B IHCTHTYTE DyHIaMEH TATBHBIX U TTPUKIIAIHBIX
nccnenoBannii HanmonansHOro nccnenoatenbekoro yuusepeutera « TMMMMCX».

[pencraBneHre HAyYHOTO HMCCICAOBAHMS Ha TpeX s3bIKax (y30€KCKOM, aHTJIMHCKOM M PYCCKOM
(pe3yme)) pasMerieH Ha caiitax YdeHoro copera (www.ifar.uz), HanimonaiasHOTO MH(pOpPMAIIOHHOTO
areHTcTBa (WWw.uza.uz) u MHdpopmannoHHo-00pa3oBareabHOM mopTaie «Ziyonety (Www.ziyonet.uz).

Hay4HbIii KOHCYJIBTAHTBI: I'aneeB Panma AnmpoBu4
JOKTOp (PU3MKO-MaTeMaTHYECKUX HAyK, mpodeccop,
NDAP HNY «TUMMMCX», Tamikent, Y30ekucran

Aan Camu AstHacep
[Ipodeccop puznyvecknx Hayk, AMEPUKAHCKOTO
Yuusepcutera B [llapmxe, Hlapmxa, OAD

3amuTa IPEICTABIEHUSA COCTOUTCI «___ » 2024TromaB__ 4YacoB Ha 3aceJaHUU Y UEHOrO
coeta No DSec.03/31.03.2022.T/FM.10.04 npu MHWuctutyre GyHIAMEHTAIBHBIX H  HPHKIAHBIX
uccnenoBanunii, Hammonansnoit HccrnemoBarensckuii yHuBepcuter «TUMMMCX». Appec: 100000,
r.Tamkent, yia. Kopu Huszosa 39, ten.: 71 237-09-61.; e-mail: info@ifar.uz.

[IpencraBnenne 3epeructpupoBaHHo B MHdopmanmnoHHO-pecypcHoM LeHTpe HMHcTuTyTta
(dyHIaMEHTATBHBIX ¥ TPHUKIAIHBIX UcclenoBannii npu HammonansHo# ccnenoBaTenbckuii YHUBEPCUTET
«TUMMUMCX» (peructpaunonssiidi Homep ). C nuccepranueil MOXXKHO O3HAaKOMUTHCS B bubnmoteke
yauBepcutera « TMMUMCX». Aapec: 100000, r.TamkenT, yn. Kopu Huszosa 39, Ten.: 71 237-09-62.

[IpencraBnenus pazociaHbl « » 2024 r.

(mpoTtokon pacceutku Ne o 2024 r.).

B.7K. AxMmenoB

npezcenarens HayqHoro coBera 1o mpUCyXICHUIO
YYEHBIX CTereHel, a.¢.-M.H., mpodeccop

Jx.P. Peiilum0OaeB

YUeHBII cekperapb HaydyHOro coBera mo mpucyxaeHuo
YYEHBIX cTereHel, a.¢.-M.H.
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ABCTPAKT

SIBnenue nazepHou abJIALMU UCITOIB3YETCS B Pa3IMUHbBIX 00JACTAX HAYKHU U TEXHUKH
JUIsL  JTa3epHOM 0OpabOTKM MaTepuajoB H IS aHAJTUTHYECKUX METOJOB.
Hcnonp3oBanue a3zepHoN aOisiiMu BKIIOYAIOT B ce0sl MOJTy4YeHHUE HAHOYACTHII,
MUKPO-HaHOCTPYKTYPHUPOBAaHUE, OKPACKY MOBEPXHOCTEN METAIUIMYECKUX W3EIHH,
KOHTPOJIb CMaYMBAIOIIMX CBOMCTB MOBEPXHOCTEM, CIIEKTPOCKOIHUIO JIA3€PHOTO Mpo0ost
Y UMITYJIBCHOE JIa3epHOE ocaxaeHue. MccienoBanns o CHHTE3Y U XapaKTEPHUCTUKE
HAaHOYACTHUI METAJIJIOB U OKCHJIOB C UCIIOJIb30BAHUEM METO/1a UMITYJILCHOM J1a3€pHOM
a0JIAIUY UMEIOT Pelliaroliiee 3HaYCHUE JJ11 TOHUMAaHUSI UX CBOWCTB M OTEHIINAJIBHBIX
npumeHeHui. [IpoBeaeHo uccnenoBanue JiazepHoil renepannu Hanoudactull (HY)
ATIOMUHMS B KUAKOCTAX W B Bakyyme. [IpoaemoHncTpupoBaHa criocooHocTts HU
W3MEHATh CMAayMBaeMOCTb MOBEPXHOCTEW W HEIMHEHHO-ONTUYECKHE CBOMCTBA
CyCHeH3UH 1 11a3Mbl. C MOMOIIBIO METOJ0B MOJIEKYISIPHOM JUHAMUKHU B COYETAHUH
C IBYXTeMIIepaTypHOI MOZEIIbIO OblI MPOAHAIM3UPOBAH Mpoliecc oopazoanust HY
AJIOMUHMS BO BpeMsi a0JISIIMU C TOBEPXHOCTH MUILICHEN. YU CIIEHHOE MOIEJTUPOBaHUE
II03BOJIMJIO BBISIBUTH OCHOBHBIE Me€XaHU3Mbl (opmupoBanus HY B xxuakux cpeaax u
CYILIECTBOBAHHE ONTUMAJIbHBIX IAPAMETPOB J1a3€PHOr0 U3IIydeHu s 1 noaydenust HY
ANMIOMUHUA JKeJaemMoro pasmepa U Mopdomoruu. OmnpeneneHbl HETUHEHHO-
ONTUYECKUE CBOWCTBA HU3ILIETO MOPSAKA KOJUIOMAHbIE pacTBopsl HY amromunus,
MNOJYYEHHBIX NpU aOJSILMM HAHO-, MUKO- U (PEMTOCEKYHIHBIMH HMITYJIbCAMU.
KoadduimmenTsl HeMMHEWHOTO MpETOMIICHUS W TOMIOIIeHus pactBopoB HY
ATIOMUHUS TPU UCTIOIB30BaHUU UMITYJIbCOB JUTUTENBHOCTHIO 40 ¢ mpu A = 400 uMm
coctaBuin ~ 107 cM? Brt u 107 cm Brt coorBeTcTBenno. ITnasma comepKarommpxcs
HY amromMuHHS TO3BOJISIET TE€HEPUPOBATh BBICIIMNE TAPMOHUKH BIUIOTH 10 37-TO
nopsiika C TOMONIBI0 30HAUPYIOMIMX HUMITYJIbCOB JUIMTEIbHOCThIO 40  (c,
pPacCIpOCTPaHSIONINXCS CKBO3b JIA3€pHBIM IJIa3Mbl CO3JaHHOW Ha IOBEPXHOCTU
ATIOMUHUEBOW MHUIIEHU. POPMHUPOBAHHE XOPOIIO KOHTPOIUPYEMBIX CTPYKTYP
HAaHO/MUKPOHHOTO pa3Mepa Ha METaJUIMYEeCKUX TIOBEPXHOCTSAX IO3BOJISIET
MOAU(UIIMPOBATh WX ONTHYECKHME W CMayuBarolue cBoiictBa. OOpa3zoBaHue
MOAOOHBIX CTPYKTYP HAa MOBEPXHOCTU OMOCOBMECTUMBIX MATEPHUAIIOB, B YACTHOCTH,
MOJKET PACIIMPUTH UX TPUMEHEHHE B PA3IMYHBIX 00JIACTIX HAYKU U TEeXHUKHU. J{71s
(GopMUpOBaHUSA CJIOKHBIX HAHOPA3MEPHBIX CTPYKTYp Ha  METATUYECKUX
MMOBEPXHOCTAX UCIIOJIb30BAJICA BOJIOKOHHBIM JIa3€p C BBICOKOW YaCTOTOM ITOBTOPEHUS
(150 xI'11) c ummynbcamu AU TENBHOCTBIO 37 (PC M IeHTpasIbHOM T HOM BOJIHBI 1030
HM. OOHapy»XeHa KOpPPENSIHS MEXIy ONTHYECKUMU CBOMCTBAMH OOpabOTaHHBIX
Ja3epoM MOBEPXHOCTEM M MX CMayuBaeMocCThio. PazneneHue HepTH U BOMBI C
M CIIO0JIb30BAHUEM CBEPXCMAUMBaHU A U N30UPATEIbHOM TPOHUIAEMOCTH MEMOpAH yIst
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HEe(THU UIJIK BOJIBI UMEET OOJIBIIIOE IKOJIOTUYECKOE K IKOHOMUYECKOE 3HAaUeHHe. bbut
pa3paboTaH PKOJOTUYECKH YUCTHIN, HE COAEPKAIUN XUMUKATOB U 3] (EKTUBHBIHI
MOAXO0/1 C UCIOJIb30BAHMEM MOIIIHOTO (DEMTOCEKYH IHOTO Jla3epa C BEICOKOM 4acTOTOM
MOBTOPEHUI JJ151 HAHOCTPYKTYPUPOBAHUS CETOK U3 HEPKABEIOIICH CTAIU U MEAU JIJIs
JNOCTMIKEHHUS JKEJIAEMBIX CMAayuBawIIMX CBOWUCTB. [lapamerpsl nazepHOro
CKaHMPOBaHMUS, pa3Mep MOpP CETKH U YCIOBUS CTapeHUsI ObLIIN ONTUMH3HPOBAHBI IS
CO37aHusI MEMOpaH, AEMOHCTPHUPYIOMMX UCKIIOUNTENIbHYI0 98% s3] dhexkTruBHOCTL
paznenenusi cMecu HeTU U BOIBI.
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BBEJIEHUE

AKTYaJIbHOCTh U 3HAYMMOCTH TeMbl HccienoBanus. JlazepHas abmsauus u
JA3€pHOE CTPYKTYPUPOBAHHE IIMPOKO H3YYAIUCh HAa MNPOTSHKEHHMM MHOIUX
TECATUIICTAN ¢ MOMEHTa M300peTeHus ja3epoB B 60-x rogax XX Beka. OmgHako
MHTEPEC UCCIeN0BATENEH K JAHHOM TeMaTUKE PE3KO BO3POC C OTKPHITUEM METOZA
YCUJICHUSI YHPIIUPOBAHHBIX JIA3€PHBIX HMITYJIBCOB M BO3MOXKHOCTBHIO 00palOOTKU
MaTepUaIOB CBETOBBIMU UMITYJILCAMH C BBICOKOM INIOTHOCTBIO S3HEpruM. [ [pumeHeHue
JAHHOIO METOJIa IO3BOJISIET MOJYYUTh KOPOTKHUE JIA3€PHBIE UMITYJIbChHI JUIMTEb-
HOCTBIO /10 HECKOJIBKHMX JIECATKOB (pEMTOCEKYH/. XOTS 3TH UMITYIbChl UMEIOT HU3KYIO
AHEPrUI0, MMKOBasi MOIIIHOCTh ITPEBBIIIAET TEPABATTHI U BO3MOXHA MHTEHCUBHOCTD B
nuanasone 108 Br/cm? v Beliie. DTO COOTBETCTBYET DIEKTPUUECKOMY mmoitro 101
B/cm. Mexanu3mMbl B3auMOACHCTBUS TA3E€PHBIX U3TYUEHUS C BEILIECTBOM MPU TAKOH
BBICOKOM MMKOBOM MOITHOCTHU U NPH CTOJb KOPOTKHUX UMITYJIbCAX OUYEHb CI0KHBI U
TpeOYIOT MOHUMAaHUA Pa3INYHbIX MEXaHU3MOB, TOCKOJIBKY ITUTEIbHOCTH UMITYJILCOB
KOpOY€ BPEMEHH MepeIaur SHEPTUM OT HJIEKTPOHHOM IMOJICUCTEMbI K MOHHOM PEIIETKE,
TaKXe KOpOY€ XapaKTEPHBIX BPEMEH TEIMJIONPOBOAHOCTH PEIIETKH W THAPO-
JMHAMUYECKOr0 BPEMEHHOTO IapaMeTpa 00pasia. Bricokue MUkoBble MHTEHCUBHOCTH
YIABTPAKOPOTKHUX UMITYJIBCOB IIPUBOJAT K HEJIMHEWHBIM IIPOLECCAM, UMEIOT MECTO
MOHM3ALIMS CUIIBHBIM 3JIEKTPUYECKUM ITOJIEM U MOHU3AIMS SJIEKTPOHHBIM yaapom. B
3aBUCUMOCTH OT MHTEHCUBHOCTEH B (PEMTOCEKYHIHOM PEKHMME MPOUCXOJAT JIBa
MeXaHu3Ma absIuu: KyJOHOBCKUM B3PhIB M TEIIOBOE UcnapeHue. [Ipu Hu3kux
MHTEHCUBHOCTSIX, BOJIM3U MOPOTra aOJsIlyK, TOMUHUPYET KYJIOHOBCKUM B3PBIB (MsITKast
abysALMs), TOrJa Kak MPU BBICOKMX MHTEHCHUBHOCTSX JOMUHHUPYET TEPMHUYECKOE
ucrnapeHue (kectkas abmsauus). B pexume KyJTOHOBCKOTO B3pbIBA 32 HMITYJIEC
yAQJISIETCS JINIIb HECKOJIBKO HAHOMETPOB MaTepuaia, a Mpu TEPMHUUYECKOM UCTIAPEHUH
32 HUMIIYJbC YyJaJseTcs Ha MOpsiiok Oombiie martepuana. [loHnmanue BiIvsHUA
TEMIIEPATYPHI IJ1a3Mbl U MJIOTHOCTH 3JIEKTPOHOB UMEET PELIAIOIIEE 3HAYCHUE IS
ONTUMU3ALNYU MPOAYKTOB Ja3€pHOMU adIAUM JTH0O0N MHUILIEHH.

JlazepHast aOmsiusi MCHOJB3YyeTCs UIsi OO0paOOTKM MaTepuaioB W IS
AHAIMTHYECKUX MPUIIOKEHNU. B KauecTBe MpUMEPOB MOKHO MPUBECTH MOTYUYECHUE
HAaHOYACTHL, MUKPO-HAHOCTPYKTYPUPOBAHUE, OKPACKY METAJIOB, KOHTPOJb BOJIO-
OTTAJIKUBAIOUIUX CBOWCTB IMOBEPXHOCTEN, CHEKTPOCKOIMIO Ja3epHOro Mpodos U
UMITYJIbCHOE Jla3epHOE€ ocaxaeHue. MmmynbcHas mnasepHass aOnsuusi IIMPOKO
UCIoJb3yercs npu cuHtede HaHoyacTull (HY) pa3nuyHbIX METamioB U OKCHJIOB.
Opnako Ha cBoiictBa HY Bnustor MHOTHE (DAKTOpBI, TaKHE KakK AIUTEIHLHOCTH
JIA3€pPHOTO UMITYJIbCA, IIJIOTHOCTh YHEPTUH, TUIl OKPYKAIOLIEH CPEBI, TEMIIEpATypa
pacTBOpa M XapaKTepUCTUKH OOIyyaemblx MulleHei. HaHodacTuipl Haxomsr
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MIPUMEHECHUE B MEAULIMHE JJIsl YIIYUILICHUS! PAHHETO BBISIBIICHUA U JICYEHHS PAKA, VIS
ONTUYECKUX JATUYNKOB, ONITORJICKTPOHUKE, CO3JAHU U TOHKUX IUIEHOK U I CO3/1aHUs
MCTOYHUKOB 3Heprur. Mop@oJiorus v pa3Mep CUHTE3UPOBAHHBIX HAHOYACTHUI] MOTYT
oOyciaBIMUBaTh BapUallul Pa3InyHbIX MaKpOCKOIMMYECKUX CBOMCTB CyOCTpaTOB U
cycnensuid, cogepxkamux HY. IToatomy mexanusm obpazoBanus HU HeoOxommo
UCCIIEIOBATH NP PA3JIMYHBIX PEXKUMaX 00beMHOM abauuu MutieHd. C 3TOH 1eNblo
MPOBEJICHO YK CIICHHOE MOIETTUPOBAHUE IMTPOIIECCOB JIA3€PHOM a0ISAIUH aTFOMUHUEBOM
MHUIIICHH B JKUJKUX Cpeaax (BOAE) MPU Pa3TUYHBIX IMapaMmeTpax OOTydeHUsL
Pe3ynbrarhl MOACTMPOBAHUS MOTYT OBITH HCITOIB30BaHbI ISl UX MPSIMOTO CPaBHEHUS
C DKCIIEpUMEHTAJIBHBIMU U3MEPEHUSIMU, C OJHOW CTOPOHBI, HO TaKXE MMOMOTAKOT
NOy4uTh Oojiee MIyOOKOoe MOHMMaHue (DYHIaMEHTATbHOM (PU3UKHU MPOIIECCOB,
CBA3aHHBIX C JasepHon reHepauuedn HY, ¢ apyrou croponsl. MccnenoBanus
HEJIMHEHHO-onTHYecKuX cBOUCTB HY HHU3KOro M BHICOKOTO MOPSIKOB 00YCIOBJICHbI
MPaKTUUYECKUMU U PyHIaMEHTAIBHBIMU TPUHIIAIIAMH TPUMEHEHUSI MAJIOPa3MEPHBIX
arperaroB B Pa3IMYHBIX OO0JACTAX HEIWHEWHOW ONTHKU. OTH arperartsl
oOpa3yromuecss Ipu Jia3epHON aONAUN METALTUYECKUX TMOBEPXHOCTEH, CIyKaTr
3 PeKTUBHON cpelol uisl TeHepaluy rapMOHUK BBICOKOTO MOpsAKAa B KpaiHeM
yIbTpaduOIETOBOM JIHATa30HE.

OO6paboTka (eMTOCEKYHIHBIMHU JTa3€pPHBIMA HMITYJIbCAMH IO3BOJISIET TOYHO
KOHTPOJIMPOBATh JIOKAJbHBIE HAHOPA3MEPHBIE CTPYKTYpPbl Ha MOBEPXHOCTH
MaTepHaJioB, Jieiasi UX BBICOKOI(P(HEKTUBHBIMA W MHOTO()YHKIMOHATHHBIMU, B
YaCTHOCTH, IIPU OKpacKe MOBEpXHOCTEN. JlazepHO-NHAYIIMPOBAHHOE OKPAIIIMBAHUE
SBJISIETCS AKOJIOTMYECKHI Y CTHIM, TOCKOJIBKY UCKIIIOYAET UCIIO0JIb30BaHHUE KAKUX -JT00
MUTMEHTOB WJIM XMMHUKATOB, HO TIPU 3TOM 00€CII€YMBAET JOCTATOUYHYIO THOKOCTb B
JOCTHKEHUH 7KEJIAEMBIX PE3YJIBTATOB 3a CYET ONTUMHU3ALIUU ITAPAMETPOB JIA3EPHOIO
o0yuyeHus. YHUKaJIbHAs CIIOCOOHOCTh MOIIHBIX KOPOTKUX JIA3€PHBIX UMITYJILCOB
MOIM(QUIHUPOBATH MPAKTUYECKH BCE BUJIbI MAaTEPUAJIOB HA HAHOYPOBHE OTKPHIBACT
OOJBIIION TOTEHIMAN ISl Pa3IMYHBbIX HOBBIX MPHUIOKEHUW B ONTHKE, OITO-
AJIEKTPOHHKE, MUKPO(DIIIONMKE, [IBETOBO MapKUPOBKE U MexaHuke. Eiie ogHuM
NPUMEHEHHEM Jla3epHON MOAM(PUKAIMU TOBEPXHOCTH SBJSETCS KOHTPOJb
CMaYMBaEMOCTH METAJUIMYECKUX IOBEPXHOCTEN, UTO B HACTOSIIEE BPEMSI SIBISETCA
IpeIMETOM PacTyIIEro MHTEpeca K J1a3epHoit o0padboTke MaTepuanos. [loBepxHocTH
MOKHO MOJU(DUIHMPOBATH C MOMOIIBI0 UWHTEHCUBHBIX JIa3€pOB, YTOOBI OHU CTAIU
OPUTATUBAIOIMME BOY (TUAPO(PUIBHBIMHI ) MU BOIOOTTATIKUBAIOLIIMME (TH PO 00-
HbIMH ). Takue Mo (UITUPOBAaHHBIE TOBEPXHOCTH UMEIOT MHOKECTBO TPUMEHEHHH,
TaKAX KaK CAMOOYHNCTKA, IPEAOTBPAIICHUE KOPPO3UH, YMEHBILIEHUE CONIPOTHUBIICHNS,
aHTHOAaKTepUaJbHbIE CBOMCTBA, 3alllUTa OT 3alOTEBaHUs, TeIUIONepe/Iaya,
TpUOOJIOTHS, ONITUYECKOE OTPAKEHUE U pa3/ielieHUe MacisiHbIX (QpakIuil U BOJIpL

Cenaparust HeTH W BOJBI UMEET OOJIBIIIOE JKOJIOTHYECKOE M IKOHOMHYECKOE
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3HaueHue. TpaguiMOHHBIE METOIbI pa3leiieHuss HePTH, Takue KakK CXKUTAHUE,
00e3’KMpUBaHUE U XUMUUYECKOE JUCTIEPTUPOBAHUE, YACTUYHO (P (DEKTUBHBI, HO OHU
MPOU3BOJIAT BPEIHbIE MOOOYHBIE MPOAYKTHI, KOTOPbIE YXyAIIAOT 3((HEKTUBHOCTD
pazaenenus. KoHTpoib TuApOPUIBHBIX/(DOOHBIX XapaKTEPUCTUK METAJITHUYECKUX
CETOK, CTPYKTYPHUPOBAaHHBIX (HEMTOCEKYHIHBIM JlazepoM, 2D-meMOpan wmm 3D-
aJICOPOCHTHBIX TIE€H, SIBJSETCS SKOJIOTMYECKH YACTHIM METOJIOM U UMEET BBICOKHE
XxapakTepucTuku 3G(PEKTUBHOCTH pa3znencHus. MeMOpaHbl ¢ H30MpaTENBHOM
MPOHUIIAEMOCTHIO 110 OTHOIIEHHIO K MACISHOM U BOJHOM (pazaM MOTYyT ObITh
MOJIyYeHbl MyTeM WHAYLUHPOBAaHUS JU00 cynepruapodoOHO-CynepoaecodibHOIO,
aubo  cynmepruapoduIbHO-Cyneponeodo0-HOro TOBEACHUS MPH  MOJABOJIHOM
CMa4yMBaHUM.

MekayHapOIHbIH KOHTEKCT HccIel0BaHusA. MHOTrue BenyIue yHUBEPCUTETI
U HCCIIEIOBATENIbCKHUE LIEHTPHI IO BCEMY MHUPY IMPOBOJAT UCCIIEIOBAHUS B (DU3UKU
CUJIBHBIX JIa3€PHBIX MOJIEH, B YaCTHOCTH, HIOHU3ALMH, (POPMUPOBAHMS HAHOUYACTHL],
HaHOCTPYKTYPHUPOBaHUS MHOTO() YHKITMOHATIBHBIX TOBepxHOCTeH, | BI' 1 mpuMeHeHust
korepeHTHOro XUV a1 n3y4eHus: cCBepXObICTPON TUHAMUKH 3JIEKTPOHOB B aTOMAX,
MOJIEKYJIaX U MaTepuaax ¢ aTTOCEKYHIHOM mkanoi Bpemenu. Cpeau HUX rpymmna
kadenpsl cBepxObIcTpoit quHamMuku MHCTUTYyTa MHOTONpOodUIBHBIX Hayk Makca
[Inanka (I'ertunren, ['epmanus), rpynima sadoparopuu gazepHoi sHepretuku (LLE)
Pouecrepckoro ynuepcutera (CIIIA), rpymnma HaHOCTPYKTYpP M CBEPXOBICTPHIX
perTreHoBckux Texnonoruii B ETH-Zurich (Lropux, [IBetinapus), rpymnma s MHUDU,
Nuctutyt unxxenepHoit ¢pusuku ans ouomeaunuusl (PhysBio), 115409 Mocksa,
Poccusi, rpynna B MHWHcTuTyTe ¢usuku u LleHTpe MeXIUCUUIIITMHAPHBIX
HaHOCTPYKTypHbIX Hayk M TexHoJjiorui (CINSaT), Yuusepcuter Kaccemns, 34125
Kaccenb, [ 'epManus, rpynia HeJamHeNnHOM ONTUKY YaHYyHBCKOTO MHCTUTYTA O TUKH,
¢u3uku 1 TouHo Mexanuku (Uanuyss, Kurait), rpynmna Llentp MaTepuanoBeieHus u
WH)XEHEPHBIX ucciaeaoBaHuii Amepukanckoro yHusepcutera lapmxu (Ilapmxa,
OAD), rpynna llenTpa HaHnoTexHonoruii B YHuBepcutere Mroncrtepa (MroHctep,
I'epmanusi), rpynna HenuHeWHOM onTuku Tokwuiickoro yHuBepcurera (Tokwo,
Snonus), rpynmna otrnaena JiazepHoil miuasmel LleHTpa mepenoBhIX TEXHOJIOMMIA
(MHAOP, Unaust), rpynima HarmonansHoro mHCTUTYTA Science (Monpeais, Kanana),
cnektpockorust HHG B MniepckoM kosemxe (JIonon, AHrius), ), Hay4dHasi rpyrna
reHepanuu Beicinx rapMoHuK (I'BI') u korepeHTHOro W3nyudeHWs B JalibHEH
ynbTpaduoneroBoir obnactu (YD) B lleHTpe mepCHeKTHBHBIX HCCIIECIOBAHUIMA
HaHonutorpaduu (Amcrepaam, Hunepnanaer) u apyrue.

Texyiee cocTosiHue UccJIe0BAHUI 0 TeMe. VIMnynbcHas nazepHas aOsuust
ABJISIETCSI TIOCTOSTHHO pa3BHUBAtoLIEics 001acThio. Cpeii MHOTHX APYTUX MPUIOKEHUI
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OOJBIION MHTEpEeC HAy4YHOro COO0OIIecTBA NPEACTABISIIOT  (HOPMUPOBAHHUE
HaHOYACTHI], MOJIrOTOBKAa MHOTO()YHKIIMOHATHHBIX MTOBEPXHOCTEH, CIIEKTPOCKOIHS
na3zepHoro npo6os u I'BI'. @opmupoBaHre HaHOYACTHUILl 1 MUKPOHAHOCTPYKTYp C
MOMOLIBIO JIa3€pHOM a0IAIMU TPEBOCXOUT TPAAUIIMOHHBIE METO/Ibl, TOCKOJIBbKY HE
TpeOyeT XMMHYECKOTO BO3JIEHUCTBUS, MPSAMOTO KOHTAKTa C MCCIIENOBATEIEM U
SABJISIETCS SKOJIOTMYECKH YUCTHIM METOOM.

CBsI3b TeMbI HCCJIEIOBAHNUS C MCCIEA0BATEIbCKOM eI TeJIbHOCTBIO IPYTUX
yUYpe:KIeHU. ODKCIEPUMEHTAIBHBIE PE3YJIbTAaThl MPEACTABICHHBIE B JIAHHOM
UCCJIEI0BAHNM ObLIM MOJydeHbl B LleHTpe marepuanoBeNeHUs UM MCCIEIOBAHUN
Awmepukanckoro yHuBepcureta Ilapmxu (OAD), JlaTBuiickoro yHuBeEpcuUTETa
(JlatBus)) U B COTpyAHUYECTBE C TIpPyNIaMd MOJECIUPOBAHUS PA3IUUHBIX
yHUBepcUTeTOB ['epmanun, Anonuu u Poccun.

Heabio ucciienoBaTe/IbCKOM padoThI ABJISETCS MOJYYEHUE TEOPETUIECKUX U
AKCHEPUMEHTAJIbHBIX 3HAHUM 0 MEXaHU3Max (POPMUPOBAHUS U HOBBIX TPUMEH EHUSX
MUKPO/HaHOCTPYKTYPUPOBAHHBIX MATEPUATIOB, C UCIIOJIb30BAaHUEM (DEMTOCEKYH/IHBIX
JIA3€pOB C BBICOKOI YAaCTOTOM MOBTOPEHUS.

3agauu ucciaeq0BaHMA:

e lccnenoBanue y1azepHoi reHepanuu HaHovyactull (HY) Ha ocHOBe antoMUHMSA
(Al) B XHMIKOCTSIX M B BaKkyyme, a TaKXe HX CIOCOOHOCTU H3MEHSTh
CMa4yMBaeMOCTb U HEJIMHEWHO-ONTUYECKUE CBOMCTBA ITOBEPXHOCTEU, CYCIICH3UI
Y IUIa3MBI.

e liccienoBanne HEITMHEWHOTO NTOMIAIIEHU U nipesioMieHus B HY, a takxke ux
Pa3IMYHBIX ONTHUYECKUX CBOMCTB JUI ITOTECHIMAJIBHOTO IIPUMEHEHUS B
ONTOYJIEKTPOHUKE, ONITUYECKUX OTPAHUUUTEINSIX U (OTOHUKE.

e HaxoxxneHue napaMeTpoB J1a3€pHOT0 U3TYyUEHUsI U YCIOBUM sl POPMHUPOBAHUS
Jla3epHO-UHIYIIUPOBAHHBIX TIEPUOAMYUECKHUX TOBEPXHOCTHBIX CTPYKTYP (LIPSS)
Ha MOBEPXHOCTU METAININYECKUX MUIICHEN.

e VYmpaienue ruapopuiIbHbIMU/POOHBIME CBOMCTBAMU METALTUYECKHUX CETOK,
MJIOCKUX U U30THYTHIX TOBEPXHOCTEN pa3IMUHbIX MATEPUAIOB, 00paOOTaHHBIX
(eMTOCEeKyH THBIMU JIA3€PHBIMU UMITYJIbCAMH JJIs pa3JeieHuss HeTH U BOABI.

e lccnenoBanue mpUMEHEHUS JTa3epHO-UHIYIIMPOBAHHBIX (pakenoB, oboraiieH-
HbIX HaHo4acTtuamu uist [' Bl
O0beKkTOM HCCIHCAOBAHUSA SIBIIIIOTCA J1a3€pHO-UHAYIIMPOBAHHBIE HAHO-

MUKPOCTPYKTYPbl Ha TOBEPXHOCTH PA3JIMYHBIX MaTEpUaJIOB, HaHOYACTUIBI Al
MOJyYECHHBIE Ha BO3/IyX€, B BAKYyME U B BOJIE.

IIpeameToM MCCIe10BAHUA SIBIISFOTCS CMAYMBAKOIIE CBOMCTBA U ONITUYECKHE

XapaKTEePUCTUKA HAHO/MUKPOCTPYKTYPHPOBAHHBIX ~IMOBEPXHOCTEH  Ppa3IMUHBIX
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MaTepUaoB, HEJIUHEUHO-oNTHUECKME cBoMcTBa HY awmromMuHuMsA, a TaKke
CIIEKTpaJIbHbIE XapAKTEPUCTUKHN T€HEPUPYEMBIX TAPMOHHUK BBICOKOTO MOPSJIKA.
MeTtoabl  HCCICIOBAHMSA  BKJIIOYAIOT KaK TEOPETUYECKUE, TaK U

JKCIEpPUMEHTaJbHbIE. TEOpeTHYEeCKHEe METOJbl BKJIOYAIOT MOJEIUPOBAHUE C

MCIOJIb30BAHUEM AaHAJUTUYECKOW MoJiekyssipHo guHamukun (MD) u  nByx-

temrieparypHoil mogenu (TTM), monmyueHHbIX Ha OcHOBE AU PepeHIMAIBHBIX ypaB-

HeHu muddy3un. DKCepuMeHTATbHBIE METOAbI (POPMHUPOBAHUS HAHOYACTHI] B

BaKyyMe€ U B BOJIE C HCIIOJB30BAHUEM KOPOTKHX JIA3€PHBIX UMITYJIHCOB OOJIBIION

MOIIIHOCTH, U C BBICOKOM 4acTOTOW MOBTOPEHHA. CTPYKTYPUPOBAHHUE IIOCKOCTEM,

M30THYTHIX MOBEPXHOCTEH Pa3TUYHBIX MATEPHAIOB M METAIITUYECKUX CETOK (heMTO-

CEKYHJHBIM BOJIOKOHHBIM Jla3epoM. KonndecTBeHHblE M3MEPEHUsI CBOWMCTB CMa-

YUBAEMOCTHU ITOBEPXHOCTEN ITyTEM HM3MEPEHHS yIJla KOHTAaKTa M yIJIa OTCTyIa C

MOMOIIBIO aHAIU3aTOpa (POPMBI KarIlIu.

HayuyHnasi HOBU3Ha MCCJIeI0BAHMUS.

e Uucnennoe moxenupoBanue B pamkax mojenu MD-TTM ucnons3oBanoch s
noydeHus: 0ojee TIIyOOKMX 3HAHHUM 00 ONTHMAJIBHBIX MapaMeTpax Ja3epHOro
obnmydeHus i (GOPMUPOBAHNS HAHOYACTHI] ATFOMUHHS 3aJaHHOTO pa3Mmepa U
MopdoJioruu.

¢ BrepBrie HaOM0MaMUCh HAaWOOIBIIME 3HaUYCHUS KO3 (PUIIMEHTOB HEJIMHEHHOrO
noryomieHus (B) ¥ HeIMHEH HBIX ITOKa3aTeNeH mpesioMiieHus () B Clydae CyCIeH3U!
HY na ocnoBe Al, monxyyeHHOW myTeM aOsIUU aTIOMUHUS TUKOCEKYHIHBIMU
UMIyJIbcaMd B cIeKTpaibHON oOnactu 400 HM. 3HaueHus Kod(duimeHToB
HeJMHeHoro nornomieHus () U HeMMHEWHBIX MmokaszaTesneil mpenoMiaeHus ()
amomuaneBbix HU paBubl ~ 107 cm B1t m 10° cm? Bt cooTBeTcTBEHHO.

e BrepBsie ycTaHOBJEHO, 4TO (popmupoBanrie HY ammoMuuus in-situ B BaKyyme ¢
MOCJICYIOIMM  PAaCIpPOCTPAHEHUEM JIa3epHBIX HMMIYJIBCOB uepe3  00JaKo
CHUHTE3UPOBAHHBIX HAHOYACTHUII A€T MOBBIIICHHBIN KOA(UIMEHT MPEOPa30BaHUS
BBICOKMX TapMOHHMK [0 CpaBHEHHI0O C aTOMAMU U HOHAaMU aJIOMHUHUSL
Anmomuamnesble HY 1103BOIWIN OJTYYNTh BBICIIME TAPMOHMKH 10 37-TO MOpsiIKa
C MOMOIIBIO UMITYJILCOB JUTUTEIBHOCTHIO 40 dc.

e BrepBsie MoKa3aHo, YTO MJIEHKH ayumtoMuHueBbIXx HY, monyuyeHHble a0isiueii B
BOJIC, MPOSIBIISIOT CyNepruapodubHble cBoMcTBa, a HY, ocaxkeHHbIe B BaKyyMe,
obnanaroT cynepruapoGoOHBIMA CBOMCTBAMH.

e BnepBble NpOJEMOHCTPUPOBAHO, YTO CTOMKHE W TEPEIUBAIOIIHMECS IIBETa
NOBEPXHOCTEN METAINIOB M METAUIMYECKHX CIJIABOB MOXHO CTHUpaTh U
HnepeKpanBaTh C IOMOIIbIO BTOPOM cTaauu (EMTOCEKYHIHOW JIa3epHOM
00paboTKH.
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e BriepBble  NPOJEMOHCTPUPOBAHA  KOPPENSALUMS  MEKIAY  CIEKTPAIBHBIMU
OTpa)KaTeIbHBIMU CBOMCTBaAMU OOpa0OTaHHBIX JIA3€pOM IMOBEPXHOCTEH U HX
CMa4uBaeMOCTBIO.

e BrepBsie ycTaHOBJIEHA BO3MOKHOCTB UCIIONIb30BaHMA cTepkHel n3 criaBa AINiCo,
00pabOTaHHBIX C WCIOJB30BAHUEM PANIMYHBIX JIA3€PHBIX HMITYJIBCOB, IS
paznenenuss HeTH U BOJBI.

e HaiineHnbl onTUMaIbHbIE MapaMeTphl 00paObOTKN METHBIX U HEPIKABEIOITUX CETOK,
TaKHe KaK CKOPOCTh JIa3€pHOT0 CKAHUPOBAHMS U YCIIOBUSI CTAPEHU L, TO3BOJIMBIIINE
nocturHyTh 3¢ pextuBHOCTH 98% NpU paszneraeHuu cMecel HeTH U BOJBI.

o [IpomeMOHCTpUPOBAH YCKOPEHHBINA METOI U3MEHEHUS TTapaMeTpa CMauyrBaeMOCTH
METAJNTNYECKHUX [TOBEPXHOCTEH, CTPYKTYpPUPOBAHHBIX (DEMTOCEKYHIHBIM Ja3€poM,
yTeM BBIICPKKHU B CPeie HU3KOTO JABJICHUS JUISl IEJIe CAMOOYHCTKH.

e BrepBbie nmpeAcTaBiieHbI CIOXKHBIE MEPUOIUUYECKUE A3UMYTAJIbHO U PaJAHAIBHO
HamnpaBieHHble LIPSS, u3roroBieHHble azepoM Ha OOJBIION TIJIOMIAAM Ha
MOBEPXHOCTH TaHTaJIa. JJaHHBIN METO MOXKET ObITh UCIIOJIB30BAH ISl YTy UILLICHUSI
aAre3uu ¥ mpojaudepannu KJIETOK MPU UCTIOIb30BAaHUU B KAUECTBE MUMILIAHTATA.

e bputn mpoaeMOHCTpUpOBaHBI SIHyc-MeMOpaHbl M3 MEIHOW CETKM U TYOKH,
oOpaboTanHble ()EMTOCEKYHHBIM JIazepoM st 3P (HEKTUBHOTO HAPABIECHHOTO
OpomyckaHusi BoJAbl M cOopa TymaHa. CTanbHble CETKH C Ja3epHbIM
CTPYKTYPUPOBAHHEM U  IOKPBITUEM U3 LEOJUTAa IPOJEMOHCTPUPOBAIN
yJIy4IlIEHHBIE CyNepruapo(uIbHbIE CBOMCTBA U TPEBOCXOIHYIO JOJITOBEYHOCTD B
TE€YEHUE JUTUTEIBHOTO Mepruoja Mpyu pa3aeiecHuu HePTU U BOIBI.

IIpakrnyeckue pe3yjabTarbl padoTbl. Pe3ynpTaTbl TEOPETHUYECKOTO U

AKCIEPUMEHTAJbHOTO0 aHajh3a ObUIM KCIOJIb30BaHbl TPU TEXHOJIOTHYECKOM

COBEpIICHCTBOBAHMM  T€HEpalMM  HAHOYacTULl U  OOpabOTKM  MHKpPO-

HAaHOCTPYKTYPHUPOBAHHBIX IMOBEPXHOCTEH Pa3IMUYHBIX MaTEpUANIOB IS HOBBIX

MIPUMEHEHUN B MCCIEA0BATENIbCKOM LIEHTPE MaTepUajoBeIeHUs] AMEPUKaHCKOIo

yHusepcureta [Hlapmxu (OAD). Paznuunblie nporpammel 115 pacyetoB MD-TTM u

00pabOTKU SKCIIEPUMEHTAIBHBIX TAHHBIX ObLIIN pa3padOTaHbl U B HACTOSAIIEE Bpems

AKTUBHO MNPUMEHSIOTCA B  HCCIEIOBATEILCKUX TIpynnax AMEPUKAHCKOIO

yauBepcureta [lapmku (OAD); mabopatopuu HEIMHEHHOM ONTHUKHU JIaTBHIICKOTO

yHuBepcureta (JlatBus), Mucrutyre ®usuku u B LleHTpe MexucuIuIMHAPHBIX

HaHOCTPYKTypHbIX Hayk u TexHonoruit (CINSaT), Kaccenbckuii yHuUBepcuTET,

Kaccenb, 'epmanusi; Ha pusnyeckom pakynbreTe BopoHekcKoro rocyaapcTBEHHOIO

yHuBepcureTa, BopoHex, Poccus; ' B TalIKEHTCKOM HWHCTUTYTE HWHYKEHEPOB

UppUTALIUHY U MEXaHU3AI[UU CEeJIbCKOTO X034 CTBa, TallkeHT, ¥Y30eKuCTaH.

JloCcTOBEPHOCTH Pe3yJIbTATOB UCCJIEI0BAHNIN [TOITBEPKIAETCA TEM, YTO OHU

ObUTM TOJY4YeHbl C KCIOJIb30BAaHHMEM COBPEMEHHBIX METOJOB  pacyeToB,
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MOJICIINPOBAHUA M OSKCIICPUMCHTAJIBHbLIX MCTOIHUK. I[OCTOBepHOCTB PE3YJILTATOB
TAKXKC OCHOBaHa Ha COBMCCTHMOCTH ITIOJYUYCHHBIX PC3YyJIbTATOB C SKCIICPUMCHTAII-
HBIMH JaHHBIMU. boiiee TOro, 4toObl emie pa3 MOTYEPKHYTHh JTOCTOBEPHOCTH
ITOJIYUYCHHBIX PC3YJIbTATOB, BCC IPCACTABJICHHBIC CTATbHU ObLIH PCUCH3UPOBAHLI
AKCIIepTaMy B 00JIACTH HAayK O TOBEPXHOCTH, HAHOMAaTEPHAJIOB, HEJIMHCHHOM OTTHKH
141 OHy6JII/IKOBaHLI B )XypHaJlaX C BBICOKUM peﬁTHIEOM, OTHCCCHHBIX K KBAPTHUIIIM Ql
u Q2.

Haquaﬂ SHAYMMOCTL PpPeE3yjabTaTOoB HCCJICAOBAHUSA. TCOPCTH‘{CCKI/IC u
AKCIIEPUMEHTAJIbHBIE  PE3yJbTaThl HMCCIACIOBAHMM MEXaHHU3MOB OOpa30BaHUS
HAaHOYACTUI[ U (HOPMUPOBAHHUS MHUKPO/HAHOCTPYKTYPHUPOBAHHBIX ITOBEPXHOCTEH
HUMCIKOT MHOXCECTBO HpHMeHeHHfI. HaHOLIaCTI/IH,BI, IMOJIYUYCHHBIC JIA3CPHBIM MCTO/I0M,
ABJIAIOTCA 3CJICHBIM, HCTOKCHYHBIM ITPOAYKTOM, IIOOTOMY IIOAXOJAT JIA PAHHCTO
06Hap}I)K€HI/IH H JICUCHUA PaKa, SHCPICTUKH, TOHKUX IIJICHOK, OIITO3JICKTPOHUKH,
PaMaHOBCKOW CIIEKTPOCKOITUH C YCUJIEHUEM CUTHAIA U MHOTUX APYTUX ITPUITOKEHUM.
HanocTpykTyprpoBaHHBIE TOBEPXHOCTU UMEIOT OOJIBIIOE 3HAYECHUE MPU CO3/IaHUU
MHOTO(QYHKIIMOHAIBHBIX MOBEPXHOCTEW W3 Pa3IMUHBIX MaTEpPHANOB, TaKUX Kak
CaMOOYHUIICHHUC, IIPCAOTBPALICHNC KOPPO3UU, YMCHBIHICHUC COIIPOTUBJICHUA, AHTHU-
OakTepualbHbIC CBOMCTRBA, 3aIllUTa OT 3aIllOTEBAaHUS, TEIJIoNepeaayda, TpruOOIoTwHs,
OIITHYCCKOC OTPAXKCHUC, PAa3ACIICHHUC MacCjia U BOAbI.

BHenpenue pe3yjbTaToB UCCJIEIOBAHUS.

[TonydeHHBIE pe3ynbTaThl HCCIACAOBAHHWNA OBLIM OMyOJWKOBAaHBI B MHOTO-
YHCIICHHBIX HaydHbIX cTaThsaX. Cpean Hux “Ultrafast fiber laser-induced fabrication of
superhydrophobicand self-cleaning metal surfaces,” S.A. Khan, et.al., Appl. Surf. Sci.
542, 148560 (2021) (75 ccwinka), “Expedited transition in the wettability response of
metal meshes structured by femtosecond laser pulses for oil-water separation,” S.A.
Khan, et.al., Front. in Chem. 8, 768 (2020) ( 20 ccouika), ““The mechanism of laser-
assisted generation of aluminum nanoparticles, their wettability and nonlinearity
properties,” M. Iqgbal, et.al., Appl. Surf. Sci. 527, 146702 (2020) (17 ccouika),
“Superhydrophobic and superhydrophilic properties of laser-ablated plane and curved
surfaces,” G.S. Boltaev, et.al., Appl. Phys. A 126, 1-9 (2020) (12 ccbuika), “Near-field
induced reaction yields from nanoparticle clusters,” P. Rosenberger, et.al., ACS
Photonics 7, 1885-1892 (2020) ( 20 ccwuika), “Anomalous formation of trihydrogen
cations from water on nanoparticles,” M.S. Alghabra, et.al., Nat. Commun. 12, 3839
(2021) (15 cchuika), “Resonance enhancement of harmonics in the vicinity of 32 nm
spectral range during propagation of femtosecond pulses through the molybdenum
plasma,” V.V. Kim, et.al., J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020) (14
cceuika), “Giant third-order nonlinear response of mixed perovskite nanocrystals,”
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A.M. Abu Baker, et.al Mater. 15, 389 (2022) (12 ccpuika), “Enhanced XUV harmonics
generation from diatomic gases using two orthogonally polarized laser fields,” G.S.
Boltaev, et.al., Sci. Rep. 11, 5534 (2021) (12 cceuika), “Application of 150 kHz laser
for high-order harmonic generation in different plasmas,” G.S. Boltaev, et.al., Photon.
7, 66 (2020) ( 9 ccpuika), “Simultaneous manipulation of the optical and wettability
properties of metal surfaces using 150 kHz femtosecond fiber laser,” M. Igbal, et.al.,
Appl. Sci. 10, 6207 (2020) ( 7 ccpiika), u T. .

Ony0JMKOBAaHHOCTH Pe3yJIbTATOB MCCJIEI0BAHMSA.

PesynpraThl uccnenoBanuii onyOnukoBanbl B 30 HAy4YHBIX CTaThsiX B
MEXTyHAPOIHBIX KypHaJlaX ¢ BHICOKUMHU MUMIAKT-()aKTOPOM B PEKOMEHJOBAHHBIX
Bricmieit Atrecrarmonsont Komuccuent Pecniyonuku Y30ekucran s myOauKamm
OCHOBHBIX HAy4YHbBIX PE3YJIbTATOB JOKTOPCKUX JUCCEPTAIM U OTOOpaKEHHBIX B
Hay4yHO# Oa3e manubix Web of Science.

3AKIIOYEHHE.
OcHoBHBbIE BBIBO/ABI, CJCIaHHBIE B pe3yJbTaTe HAIIMX HCCIEI0BaHNUMH,
3aKJTIOYAOTCS B CJIEIYIOLIEM:

1. Yucnennoe moaenupoBanue B pamkax mojenu MD-TTM no3sonuiio riayOke
MOHSITH OCHOBHBIE MEXaHU3MbI 0Opa3zoBanust HU B BoJie ¥ MONyYUTh ONTUMAJIBHbIC
napaMeTpbl JIa3epHOTO M3NnydeHus s nonydeHus HU Ha ocHOBe allTOMUHUS
&KesraemMoro pazmepa, popmbl 1 MOpdOTOTUH.

2. AGnsamus B BOJHOHM cpefie mpuBena K 0Oojiee y3KOMYy M PaBHOMEPHOMY
pacnpeieseHrI0 HAHOYACTHUIL 10 pa3MepaM Mo CPaBHEHUIO ¢ abisuei B BakyyMe.
3HaYMTEIbHbIE U3MEHEHUS pa3MepoB U (HOPMbI HAHOUYACTHI] HAOIIOJATUCh Yepe3
MECHIL] ITOCJIE a0JIALUHU.

3. OOHapy>XeHO 4YTO Ja3epHbIE MMMYJbCHl B MHUKOCEKYHIHOM JHAIO30HE
JUTATENbHOCTH OoJiee 3P (HhEKTUBHBI M TEXHOJIOTUYECKH 0O0CHOBAHHBI C TOUKU 3PEHUS
MPOU3BOJICTBA OJTHOPOJHBIX HAHOYACTHUII, U BO3MOKHO, MEHBIIIETO pa3Mepa.

4. TloBepxHOCTh cTeKNIa, ¢ ocaxaeHHbIME HY Ha ocHoBe Al, mosrydeHHbIMU
abnsuen B BoJie, o0JagaeT cynepruapouiibHBIMU CBOMCTBAMHU, & TTOBEPXHOCTH
crekia ¢ HY, ocaxneHHbIMU B BaKyyMe, - CynepruapodhoOHBIMHU.

5. HauGonpmue 3HadeHusI KO3 HUIMEHTOB HeMHEHHOro noromeHus () u
HEJIMHEHHBIX IMOKa3aTeaei mpenomieHus (y) B crekTpanbHOM obnactu 400 HM
HaOronauch B ciaydae cycrien3uu HY Ha ocHoBe Al, mosydeHHOM myTeM abisimu
ATFOMUHU S TUKOCEKYH THBIMHU UMITYJIbCaMU. 3HaYeHHU I K03 PUITUEHTOB HEJMHEIHOTO
nornomenus () u HenuHEHHBIX Moka3aTeneit mpenomienus (Y) HU Ha ocnose Al
cocraBuid ~ 107 cm Bt u 10° cm? B1! cooTBeTCTBEHHO.

6. [IponeMoncTpupoBano, uto popmupoBanre HY ayutromuHus in-situ B BaKyyme
C MOCJIEAYIOUIMM PacCIpOCTPaHEHUEM 30HAMPYIOIIMX HUMIYJIbCOB uYepe3 00JaKo

CHUHTC3UPOBAHHLIX HAHOYACTHUI] IMPUBOJUT K YBCIMYCHHUIO BbIXOAAd I'aPpMOHHK IIO
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CPaBHEHHUIO C MPUMEHEHUEM aTOMOB M HMOHOB antoMuHMs. AsumromuHueBbie HU
MTO3BOJISIFOT T€HEPUPOBATh TAPMOHUKH BILIOTH 0 37-T0 MOpsAIKa C UCIOIb30BaHUEM
MMITYJIbCOB JJIUTENBHOCTHIO 40 dc.

7. IlokazaHo, YTO CTOMKHUE U TTEPETUBAIOIIMUECS [IBETA TOBEPXHOCTEN METAIIOB U
METAJUIMYECKUX CIJIABOB MOXKHO CTHpPAaTh U MEPEKpallMBaTh C [OMOIIBIO
MOCJICTYIOMKX cTauu (eMTOCEKYHIHOM Ja3epHoil 00paboTKH.

8. IIpoieMoHCTpUpOBaHa BO3MOKHOCTh OJJTHOBPEMEHHOW HACTPOMKH OKPACKU U
CMaYMBAa€MOCTH METAJUVIOB 32 CYET ONTUMHU3AlWU JIA3€pHBIX IapaMeTpoB,
HCTIOJIB3YEMBIX TIpU 00paboTKe.

9. OT™MeueHo, 4TO yriaepoaHbie MeMOpaHbl, TOJABEPTHYTHIC Ja3epHOU a0IsIuH,
ABJISIIOTCA OTJIMYHBIMU KaHIUAATAMU JUISl pa3feIeHUs BOAbI U MacJa.

10. JlazepHoe HaHOCTPYKTYPHUPOBAaHHME TOBEPXHOCTH B COYETAHUU C
nepeiep kKo B BaKyyMe sIBIIsETCS (P (HEKTUBHBIM B OBICTPBIM METOJIOM TOCTHKEHUS
AKCTPEMaJIbHBIX CYNEepIruIpo OOHBIX COCTOSTHUM B pa3IMYHBIX METAILIAX, YTO JEJIAET
€ro MPUTOJHBIM JUISl IIMPOKOrO CIEKTpa MPUMEHEHHH IJi CaMOOYHUILISIFOIIMXCS
ITOBEPXHOCTEM.

11. HaHOCTpPYKTYpHpOBaHHBIE CETKM W3 HEPKABEIOLIEH CTAIM U MEOU C
ONTUMHU3HPOBAHHBIMU [TAPAMETPAMHU JIA3EPHOTO CKAHUPOBAHU S, PA3MEPOM 1O CETKU
Y YCJIOBUSIMHU CTapEHUs MTPOAEMOHCTPUPOBAIH 3P (HEKTUBHOCTh pa3/ieieHnst HehTu U
BOJIbI HAa ypoBHE 98%.

12. TlpencraBiieHbl CIOXHBIE MEPUOJUUYECKHE A3UMYTAIbHO U PaJUAIBHO
HamnpaByieHHble LIPSS, u3roroBiieHHble (heMTOCEKYHAHBIM JIa3epoM Ha OOJIbIION
IJIOIAAN TMOBEPXHOCTH TaHTana. [lodyuyeHHBI MaTepuan MMEET YIy4IIEHHYIO
aare3uu v nponrdepaiuio KJIeTOK MPU UCIOJIb30BAHUN B KAYECTBE MMILIAHTATA.

13. Sluyc-memOpaHbl W3 MEJHOM CETKM M BCIEHEHHOro MaTepuayia ¢
IIPOTUBONOJIOKHBIMA XapaKTEPUCTUKAMU CMAayMBAaE€MOCTH Ha KaXKJIOM CTOpOHE
MOBEPXHOCTH OBUIM HM3TOTOBJIEHBI C MOMOIIBI0 (PEMTOCEKYHAHOTO Ja3zepa U
MPOJIEMOHCTPUPOAHO MX HCIOJb30BaHuEe ISl 3(P(EKTUBHOTO HAIMPaBIECHHOIO
OpOMyCKaHUs BOABI U cOOpa BJaru U3 TyMaHa.

14. CTanpHbIE CETKU C Ja3€PHBIM CTPYKTYPHPOBAHUEM U MTOKPBITUEM U3 LIEOJIUTA
MPOJIEMOHCTPUPOBANIM  YIYYIIEHHBIE  CynepruapouibHble  CBOMCTBA U
IPEBOCXOIHYIO JIOJITOBEYHOCTh B TEUEHUE JUIUTEBHOIO MEPUOAA IPHU pa3JICIeHUN
He(TH U BOJIBI.
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