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BO3MOXHOCTHU
Na3epHbIX TeXHOJIOrum
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6uoobpacraHus
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B cTaTbe NpeAJioXeHa TexHoorus

Jla3epHOro CTpyKTypUpOBaHUSA NOBEPXHOCTHU
MEeTa/INIOB C Le/1bio 3aLUTbl UX MOBEPXHOCTHU
oT 6Moo6pacTtaHus. laHHas TexHoaorus
npegnonaraer o6paboTky matepmana

[0 NnomMelleHUs ero B BOAHYO cpeay. B pa6oTte
MCNOoNb30BaNNCh CMJIaBbl HepXXaBetowen
cTanu u gropantoMuHmnsa. PaccMoTpeHo
B/IUSIHUE N1a3epHOro CTPYKTYpUpPOBaHUS

Ha yros cMma4ymBaHusa n Bsaumoneﬁcmue
NlazepHO-CTPYKTYPUPOBAHHbIX MOBEPXHOCTEN
MeTan/zioB C MUKpOOpraHmMamamu B Boge.
BbisiB/ieHa NONIOXUTe/IbHAA AUHAMUKA

B 3al4UTe OT KOJIOHM3ALMUUN MUKPOOPraHU3MOB
Ha NOBEPXHOCTU MEeTaJI/IOB NOCJ/Ie Jla3epHoW
06paboTku.
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BBEAEHWE

CmayuBaHHe - 3TO O¢H3HUYeCKass B3aHMMOCBI3b
10601 SKUAKOCTH C TBEPIBIM TEJIOM, ITPOSIB/SIONIA-
sc B CIIOCOOHOCTH yMEHBIIATh KM YBeIHYHBAaTh
[I0BepPXHOCTHOE HaTsKeHHe 3TOT0 TBepAoro Teja.
IToBepXHOCTHBIM HaTSI’KeHHEeM Ha3bIBAeTCsl SIBJIe-
HHe, IIPU KOTOPOM TBepA0e Te0 CTPeMHUTCS YMEeHb-
IIMTh HM30BITOK CBOEHM IIOBEPXHOCTHOM 3HEpPrUu
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Laser Technologies
Possibilities

for Reducing
Biofouling of Metals
in the Aquatic
Environment

1.A.Filatov, E. A. Davydova, N. N. Shchedrina,
A.O.Peltek, V. M. Prokopiev, G.V.Odintsova
ITMO University, St. Petersburg, Russia

The article presents the development of a
laser structuring technology of the metals
surface for protection against biofouling.
This technology involves the processing of
the material before placing it in the aquatic
environment. Alloys of stainless steel and
duralumin were used in the work. The effect
of laser structuring on the contact angle and
the interaction of laser-structured metal
surfaces with microorganisms in water is
considered. A positive trend in protection
against colonization of microorganisms on
the surface of metals after laser treatment
was revealed.

Keywords: wetting, laser, microtexturing, metal
surface, contact angle, biofouling

Received on:15.04.2022
Accepted on: 04.05.2022

INTRODUCTION

Wetting is the physical relationship of any liquid
with a solid body represented as the ability to reduce
or increase the surface tension of this solid body.
Surface tension is a phenomenon when a solid body
tends to reduce its excessed surface energy at the
interface with the liquid. An increase in the surface
tension degree of a solid body causes the liquid to
spread, indicating the hydrophilic properties. Reduc-
tion in the tension degree, on the contrary, lowers
the surface energy and the liquid does not wet the
hydrophobic surface.
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Ha IpaHHILe pasfiena C SKUAKOCTbIO. YBelH4YeHHe
CTeIleHW HAaTS’KeHHUS IIOBEPXHOCTH TBEPAOro Tesa
INPUBOAUT K TOMY, YTO KUJKOCTb PAcTeKaeTcs, YTO
yKa3blBaeT Ha THIPOGUIIBHEBIE CBOMCTBa. YMEHb-
IIeHHe CTeIleHU HAaTSKeHHs, HaobopoT, IOHKKAeT
[IOBePXHOCTHYIO 3HepPrylo, U >KHUJAKOCTh He CMadH-
BaeT ruApodoObHYIO0 IOBEPXHOCTD.

CMauuBaHHe I10BEDXHOCTH MeTa/JI0OB HrpaeT
Ba’KHYIO POJIb B IPOTeKAHHUH TE€XHOIOTMYeCKUX IPo-
1reccos [1]. ITpobreMa GopMHPOBaHUS FUAPOPOOHBIX
HMJIM THAPOQUIBHBIX IIOKPBITUH aKTyaJlbHa BO MHO-
THX OTpac/isiX MPOM3BOACTBA U MeAULIMHBI. Hampu-
Mep, TUApPOUIbHBIE IIOBEPXHOCTH He0b6XOIHMBI
IJ1s1 TIOBBIIIEHU S aiTe3UH ITOKPBITUH (2], CHHKeHUSs
TpeHHUS (3] U A4 ynydlleHUs afresuu 6uomorude-
CKUX 00BeKTOB [4-6]. T'mapodobHBIE TOBEPXHOCTH
BasKHBI [JIS CO3[aHUS aHTHOAKTepHUATbHBIX ITOKPHI-
TUHN [7], O ymeHbIIeHHUs obnefeHeHHUS IIOBEpX-
HocTeH [8], mns mpemoTBpameHus: buoobpacTaHus
cyzmoB [9], a TakKe KOpPpPO3UH MeTalioB [10].

Bce morpyskaemble B MOPCKYI0 BOAy U He obpa-
OoTaHHBIe 3AIMTHBIM CJI0eM OOBEKTHI B CKOPOM
BpeMeHHU OyoyT 3aceleHbl Pa3sTUYHBIMH MHKPO-
OpraHu3MaMu (BOLOpPOC/IH, OaKTepUU, IIIAHKTOH,
pakoobpa3Hble, MOJUIIOCKH). B mpupoze 3To Ha3bl-
BaeTcsi 6buoobpacTaHHeM, U OHO HeCeT Cepbe3Hble
IIOC/Ie/ICTBUS A1 BceX Kopabier BOeHHO-MOPCKO
IIPOMBINIEHHOCTH. MHMKPOOPraHHM3MEl OCeJA0T
Ha II0BEPXHOCTH KOPAO/IS U CO3[JAIOT MOBBHIIIEHHYIO
IIepOX0BaTOCTh, UTO BefeT K YyBeJMUeHHOMY pac-
X0y TOIUIMBA KOPabisi, IOBBIIIEHHOHN Harpyske
Ha JBIKIKYIIHe Y3/bl U yMeHbUIeHHIO MaHeBpeH-
HocTH [9, 11]. CompoTHB/IeHHe TpPeHHS Ha HeKOTO-
PBIX THUIIAX KOPIIYCOB Kopabieil MOKeT COCTaBIsATh
0o 90% oT obmero 3HaueHus [12]. Yem 6osblie
CONpOTHUBIEHHe Kopabisi, Tem Oosblle 3aTpaThl
Ha CyZOBble OIlepalliM, TaKHe KaK yBelHYeHHe
3amaca TOIUIMBA, OYMCTKA KOPIlyca OT MHKPOOpra-
HM3MOB U Jpyrue. CornacHo aHanu3y 6uoobpacra-
HHe yBeJIMUMBAeT pacXof TOIIMBa Ha 10% 110 cpas-
HEHUIO C THAPAaBIHYEecKU IJNaAKHM COCTOSIHHEM
KopIrryca kopabis [12].

TpanunuoHHo 6uoobpacTaHUe COOPYKeHUH
B MoOpe [efaT Ha HeCKOJbKO OCHOBHBIX das: Iep-
BUYHOe IIJIeHKOoOOpa3soBaHMe C/IIM3UCTOTO CJI0S
MHKPOOPraHHU3MOB (3aceneHHe OakTepuM, HHa-
TOMOBBIX BOJOPOC/IEM, CHHe3elIeHBIX BOJOPOCIel,
rpuboB); BTOPHUYHBIN 3Tall (3aceeHHe MaKpOBO-
Iopocier, pakyllek) M TPeTUUHBIN (3aceleHHe
MUJUI, TY6OK, pauKoB). DTO IIPOK3BOJIbHBIE I1OCIIE-
I0BaTeIbHOCTH, KOTOPble MOTYT CHJIBHO Pa3/iu-
YaThCsl B 3aBHUCHMMOCTH OT Ce30Ha M reorpaduue-
CKOTo0 IoJIoKeHHU [13].

=

The metal surface wetting plays an important role
in the technological processes [1]. The issue of hydro-
phobic or hydrophilic coating formation is relevant
in many industries and medicine. For example, the
hydrophilic surfaces are required to increase the coat-
ing adhesion (2], reduce friction [3], and improve the
adhesion of biological objects [4-6]. The hydrophobic
surfaces are important for development of antibacte-
rial coatings [7], for reducing the surface icing [8],
for preventing vessel biofouling [9], as well as metal
corrosion [10].

All objects immersed in the sea water and not cov-
ered with a protective layer will soon be populated by
various microorganisms (algae, bacteria, plankton,
crustaceans, mollusks). In nature, this phenomenon
is called biofouling, and it has serious consequences
for all navy vessels. The microorganisms are settled
on the vessel surface and create the raised roughness
that leads to the increased fuel consumption of the
ship, increased load on the driving units and lowered
maneuverability [9, 11]. The friction resistance on
some types of marine hulls can be up to 90% of the
total value [12]. The greater the vessel resistance, the
greater the cost of ship operations, such as increasing
the fuel supply, the hull cleaning against microorgan-
isms, etc. According to the analysis, biofouling leads
to the increased fuel consumption by 10% compared
to the hydraulically smooth condition of the vessel
hull [12].

Typically, biofouling of the marine structures is
divided into several main stages: primary film forma-
tion of the mucous layer of microorganisms (settle-
ment of bacteria, diatoms, blue-green algae, fungi);
secondary stage (settlement of macroalgae, shells)
and tertiary stage (settlement of mussels, sponges,
crustaceans). These are arbitrary sequences that can
vary greatly depending on the season and geographic
location [13].

The hydrophobic surface development makes it pos-
sible to reduce friction resistance and control the
biological fouling process [9]. The coatings made
of toxic paints, including the resins, heavy metals
(lead), arsenic, have an adverse effect on the marine
life [11]. Therefore, there is a need to think out new
ways for metal processing without any environmental
damage.

There are various methods of metal surface treat-
ment to impart hydrophobic or hydrophilic properties
due to the amended contact angle. The contact angle
can be changed by controlling the chemical composi-
tion and surface morphology by the mechanical [14],
chemical [14], and thermal [15] methods. Of particular
interest is laser processing, due to which it is possible
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Co3gaHue TUAPOPOOHON MOBEPXHOCTH I103BOJISET
YMeHBIIUTh COIPOTHUBIEHHE TPeHHUS U KOHTPOJIH-
poBath mpoluecc buonorudeckoro obpacraHus [9].
[TOKPHITHSI M3 TOKCHYHBIX KPacOK, B COCTaB KOTO-
PBIX BXOLSAT CMOJIBI, TSDKeJible MeTaJIJIBl (CBHHEL),
MBIIIBSIK, OKA3bIBAIOT HeOIArompHUsITHOe BO3JeH-
CTBHe Ha MOpcKux obutartenei [11]. ITosToMy cye-
CTByeT HeoOXOJMMOCTh MPHUAYMBIBATh HOBBIE CIIO-
cobel obpaboTku MeTaia 6e3 Bpea OKpysKalollei
cpeze.

CyIecTBYIOT pa3Hble MeTOAbl 06paboTKU IOBEpX-
HOCTH MeTaJIIa [UISl IPUIAHUS TUAPOPOOHBIX HIH
TUAPOGUIIBHBIX CBOMCTB IIyTeM H3MeHEHHsS YIia
CMauMBaHUS. YT0JI CMaYHBaHHUS BO3MOKHO MEHSTh
IIyTeM KOHTPOJISI XUMHYECKOT0 COCTaBa U MOpoIio-
THU IOBePXHOCTH MeXaHH4YeCKUMHU [14], xumudye-
ckuMU [14] u TemmoBeIMHU [15] MeTomamMu. OcobbIU
MHTepeC IIpelCTaBiseT ja3epHas obpaborka, 6ma-
rojapsi KOTOPOM BO3MOKHO JIOKa/JIbHO YIIPABISITh
yIJIOM CMa4YMBaHUs 6e3 HCIIONB30BAHUS PACXOf-
HBIX MaTepHayioB. [103ToMy ObIJIO MPHUHSATO pellle-
HUe HCC/IefoBaTh BO3MOKHOCTH JIa3ePHBIX TEXHO-
JIOTHH [/1s1 CHHDKeHHsI 6roobpacTaHMsI MeTaIIOB
B BOJHOM Cpefie 3a CYeT KCII0b30BaHHUS KOMMepde-
CKHU OCTYIIHBIX JIa3€PHBIX KOMIIJIEKCOB.

METOAbl U MATEPUAJIDbI
CTpPYKTypHpoBaHHe 06pasloB IPOBOAUIOCH IIPU
HOPMQJIBHBIX YCIOBHAX B BO3AYIIHOM aTMmocdepe
C UCIIONb30BAHHUEM TEXHOJIOTHYECKOM YCTaHOBKH
Ha 6a3e HMIIYJIBCHOIO HTTEpOHEBOr0 BOJIOKOH-
HOro Jiasepa MOIIHOCTBIO 50 BT C IJINHOKM BOJIHBI
A=1,064 MKM, reHepHPYIOIIero UMIIYIbChl C YaCTO-
ToM 50-100 KI'11 1 AU TenbHOCThIO 100 HC. B KayecTBe
3KCIIEPUMEHTAIBHBIX 00pa3LoB ObUIM B3STHI IJIA-
CTUHBI Hep>KkaBemllen cTanu AISI 430 (St) u JIOpasio-
MuHUSI AMIOM (Al). JaHHbIe CIIaBbL OBITH BEIOPAHBL
IIOTOMY, YTO OHHU SBJISIOTCS Haubormee pacmpocTpa-
HeHHBIMHU CIUIaBaMH, HCIIOb3YeMBIMU IIPHU H3IO0-
TOBJIEHUHU KOPIIYCOB M APYyrUX KOHCTPYKTOPCKHX
meTanen kopabneri. IIpu Bbl6Ope Ta3epHOro0 HCTOY-
HHKa BaKHBIM GaKTOPOM OBITIO TO, UTO BEIOpAaHHBIE
HaMM CIIJIaBbl HMEIOT MUK IIOTJIONIEHUS Ha OJIMHe
BOJIHBl JIa3epPHOrO0 MCTOYHHKA, YTO [ejaeT IIPo-
1ecc 06paboTKU NAaHHBIX 00pa3LoB 3QGEKTUBHBIM.
Mopdonorus noBepxHOCTeH H3ydaaach Ha ONTHYe-
CKOM MHUKpOcKolle Zeiss Axio Imager AIM. C momo-
b0 KOHTAKTHOro Ipodunomerpa Hommel Werke
T8000 TaxKe M3ydasach MOPHOIOTHUS U TOIIOJIOIUS
[IOBePXHOCTH.

[ M3MepeHMs yrjia CMayMBaHUS [PHUMEHSICI
MeTO[, JIekauel KaIlIk. Bplja ucronab30BaHa HUPpo-
Bast kaMmepa ToupCam, mporpaMmmHoe obecrieueHHe
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to locally control the contact angle without any con-
sumables. Therefore, it has been decided to explore
the capabilities of laser technologies to reduce the
metal biofouling in the aquatic environment due to
the use of commercially available laser stations.

METHODS AND MATERIALS

The sample structuring was performed under normal
conditions in an air atmosphere using a processing
unit based on a pulsed ytterbium fiber-optics laser
with a power of 50 W and a wavelength of A=1.064 pm,
generating pulses with a frequency of 50-100 kHz
and a duration of 100 ns. AISI 430 (St) stainless steel
and AMtsM (Al) duralumin plates were used as the
development prototypes. These alloys were selected
since they were the most common alloys used for the
production of marine hulls and other structural vessel
parts. When selecting a laser source, an important
factor was that the alloys selected had an absorption
peak at the laser source wavelength that makes the
sample processing efficient. The surface morphology
was studied using a Zeiss Axio Imager AIM optical
microscope. The surface morphology and topology
were also studied using a Hommel Werke T8000 con-
tact profilometer.

The contact angle was measured using the ses-
sile drop method. The ToupCam digital camera and
ToupView software were used for the result processing.
Distilled water was used as the test liquid. The drop
volume for measurement in the biofouling test was
3 pl. The drop dosing and placement were performed
using a Satorius mechanical dispenser with a vol-
ume of 0.1-10 pl. After surface placement of the drop,
AutoCad software was used to measure the contact
angle.

A water specimen was taken from the coastal zone
of the Gulf of Finland in Saint-Petersburg as a medium
for the samples. This specimen included such micro-
organisms as cladophora (in Latin: Cladophora),
enteromorpha (in Latin: Ulva intestinalis), diatoms
(in Latin: Diatomeae), barnacles larvae (in Latin: Cir-
ripedia) [16], Pseudomonas spp., Stenotrophomonas
spp, and Rahnella strains [17].

To carry out the experiments to study the con-
tact angle dependence of substrates made of alloys
subjected to various laser processing on the time of
sample retention in water, we placed the samples in
an aquarium with water from the Gulf of Finland.
The study kit consisted of unstructured samples and
samples obtained immediately after the laser structur-
ing. The experiment concept implied that the surface
acquired hydrophobic properties due to the organic
compound adsorption from the environment to the
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ToupView st 06paboTKU pe3ynIbTaToOB. B KauecTBe
TeCTOBOM >KHUJKOCTH HKCII0Ib30BAJIACh JHUCTHIIIHPO-
BaHHas Boja. O6beM KaIIK )15 U3MepeHHs B 3KC-
neprMeHTe 61006pacTaHUsI COCTABISAN 3 MKI. Jl03H-
pOBaHME U Pa3MelleHHe KAIlJIM OCYILIeCTBIISIIOCH
C IOMOIIBI0 MeXaHHUYeCKOro AMCIIaHcepa Satorius
obvemoMm 0,1-10 Mmki. Ilocie pasMeleHHs KaIleslb
Ha II0BEPXHOCTH HCII0/IH30BAIOCH IIPOrPAMMHOe 0be-
cnedeHue AutoCad [y HM3MepeHUS KOHTAKTHOI'O
yriaa.

B kavecTBe cpefpl HaxoXAeHHUs! 0b6pas3ioB 6bl1a
B3siTa IIpoba BOABI U3 NPUOPeKHON 30HBI PUHCKOTO
3anuBa r. CaHKT-IleTepbypra, B KOTOPOM HaxXo-
ISTCS TAKMe MUKPOOPTaHMU3MBI Kak Kiagodopa (art.
Cladophora), suTepomopda (nar. Ulva intestinalis),
OUAaTOMOBBIe Bomopociaum (nar. Diatomeae), yco-
Horue nuUuUMHKU (nat. Cirripedia) [16], mTamMmsl
Pseudomonas spp., Stenotrophomonas spp
u Rahnella [17].

1 poBefeHUs 3KCIIePHUMEHTOB II0 HCCIel0Ba-
HUIO 3aBHUCHMOCTH yIJIa CMA4YHUBaHUS II0JJIOKEK
M3 CIJIaBOB, IIOABEPrHYTHIX Pa3IM4YHOM Jiaszep-
HoU 06paboTke, OT BpeMeHHU HaXOXAeHHs obpas-
LIOB B BOZle MBI IIOMeNalK 0Opaslsl B aKBAapHUyM
¢ Bozmol 13 PUHCKOIO 3alKBa. McciemoBaTenbCKUM
Habop coCTOST U3 HeCTPYKTYpPHPOBAHHBIX 00pa31ioB
1 00pasloB, IONYUYeHHBIX Cpa3y IIOC/Ie JIa3epHOIo
CTPYKTypUpOBaHHS. Hes 3KCIIepPUMEHTa 3aK/Ioda-
Jach B TOM, UTO IOBEPXHOCTh IpHOOpeTaeT THAPO-
dobOHBIe CBOMCTBA 32 CUeT afiCOPOLIMK OPraHUYIECKUX
COeIMHEeHHH M3 OKpY>KAalOLleH Cpelbl Ha IIOBepX-
HOCTb OKCHZA, 0Opa30BaHHOIrO IIOL BO3LEHCTBHEM
Ja3epHOro M3aydeHHUs. IIpyH 3TOM 3a c4yeT obpaso-
BAaHMS HOBBIX QYHKIIMOHAIBHBIX I'PYIIII COCTOSHHE
CMadYHBaHUS MeHseTcs [18]. II03TOMy MBI pelIrIH
IIOC/Ie JIa3ePHOT0 CTPYKTYPUPOBAHUS BBILEPSKU-
BaTh 0Opaslbl Ha BO3[yXe B TeueHHe 3-X HeJelb
IJIS OCAKIEHUS HAa UX II0BEPXHOCTHU OPraHUYeCcKHX
coelMHeHHUM. [l yCKOpPeHHUs IIpollecca IIepexofa
B ruapodobHOe cocTosiHHe OBUI TakKe MCIIONIB30-
BaH HU3KOTEMIIEPATYPHBIM OTKUI B MydenbHOH
meuu [IM-10 B TeyeHuHe 3 4acoB IpU TeMIlepaType
100 °C. Bce o6pasipl MOMeIIAJIHCh B aKBAPHUYM
c BofoM 13 PUHCKOIO 3a/1KBa, 3aMephl YIJI0B CMadU-
BAaHMUS IIPOM3BOAUJINCH KAKAYIO HEeNI0 B TeueHUe
Mecsilia.

Jlist OLleHKH cTelleHHU 6ruoobpacTaHus 6HOIIeHKa,
obpasyromascs Ha IIOBEPXHOCTH 00pa3IoB, H3Me-
psinack Ha KOHGOKaAbHOM MHKpockore Leica TCS
SP8. Ilepen 3TuM 06pa3ipl GUKCUPOBANIUCH GopMa-
JIMHOM, a 3aTeM HKCII0JIb30BAJICS IIPOIUIUN HOLUT,
KOTOPBIM OKpaIIMBaeT sifpa OPraHH3MOB, HAaXOIs-
IIUXCS B BOZE.

=

oxide surface formed under the laser radiation. In
this case, the wetting state changed due to the forma-
tion of new functional groups [18]. Therefore, after
laser structuring, we decided to hold the samples in
air for 3 weeks to deposit organic compounds on their
surface. To accelerate the process of transition to the
hydrophobic state, the low-temperature annealing in
a PM-10 muffle furnace for 3 hours at a temperature
0f 100 °C was also used. All samples were placed in an
aquarium with water from the Culf of Finland, the
contact angles were measured every week within one
month.

To assess the biofouling degree, the biofilm formed
on the sample surface was measured using a Leica
TCS SP8 confocal microscope. Before this, the samples
were formalin-fixed, with the following usage of
propidium iodide to stain the nuclei of organisms in
water.

RESULTS AND DISCUSSION
1. Laser Formation of Microstructures on
the Metal Surfaces with Various Contact
Angles
In our study, we focused on the primary and sec-
ondary biofouling stages. Therefore, we studied the
behavior of such microorganisms, the size of which
varied in the range from 50 microns to 1000 microns,
such as cladophora (in Latin: Cladaphora), barnacles
(in Latin: Balanus), diatoms (in Latin: Diatomeae),
barnacle larvae (in Latin Cirripedia) and other organ-
isms of similar size. We believe that to ensure the
least adhesion of these organisms to the surface, the
obtained microrelief period should be no more than
100 microns. It is also known that the hydrophobic
properties can protect surfaces against biofouling due
to the low surface energy at the interface between
the solid body and air. It prevents the sticky adhe-
sive of microorganisms from interacting with the
material [9]. Fig. 1 shows a schematic representation
of metal laser structuring to develop the hydropho-
bic properties and behavior of a given laser-induced
surface in an aqueous environment compared to an
untreated one.

When selecting the structuring modes, we took the
hydrophobic reliefs of a lotus and a rose as the basis
for the resulting geometric structure. They had the so-
called columns with dimensions o of 50 pm and 16 pm,
respectively, and a height of 10 pm.

The structures with the dimensions of 7x7 mm were
developed in each sample. The laser beam recording
was performed in planes so that the resulting grooves
were perpendicular to each other and formed a lat-
tice (Fig. 2). The resulting grooves had a width of 34
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Puc. 1. Cxemamuueckoe npedcmasAneHue Aa3epH020 CMpyKkmypuposaHus Memanios 0As popmuposaHust 2u0popobHeix ceolicme
U NoeedeHust 0aHHOU Aa3epHO-UHOYUUPOBAHHOU N0BEPXHOCMU 8 800HOU Cpede nNo CpABHEHUK ¢ HeobpabomaHHou

Fig. 1. Schematic image of metals laser structuring for the hydrophobic properties formation and the behavior of the laser-
structured surface in an aqueous environment compared to the unstructured one

With Laser
Structuring

Without Laser
Structuring

PE3YJIbTATbl U OBCYXAEHUE
1. JlazepHoe ¢opmMmumpoBaHue
MUKPOCTPYKTYP Ha NOBEPXHOCTU
MeTanNoB C pa3/iIN4HbIM YIrJ1IOM
cMavinBaHuUs
B Hamem HCCIeSOBAaHHUH MBI OPHEHTHPOBAIHCh
Ha IIepBUYHBIA M BTOPHUYHBIA 3Tan 6moobpacra-
HHS. [103TOMy HamHu 6BUIO HCC/IEOBAHO IOBeJeHHe
TaKUX MHUKPOOPraHH3MOB, pa3Mepbl KOTOPBIX BapbH-
poBanuchk B guamasoHe oT 50 MKM go 1000 MKM,
Kak K1agodopa (mat. Cladaphora), 6amsHycsl (1art.
Balanus), guatomoBsle Bomopociu (naT. Diatomeae),
ycoHorue NUYUHKU (nart. Cirripedia) u mHbBIe opra-
HH3MBI I10J00HBIX Pa3MepoB. MBI cHUTaeM, 4TO A/
obecrieueHUsT HAaKMMEHBIIETo CLEIIeHUS HTaHHBIX
OPraHH3MOB C IIOBEPXHOCTbIO IIE€PHOJ] CO3aBaeMOr0
MHKpopenbeda T0/IKeH COCTAB/ATh He 6oree 100 MKM.
TakKe M3BECTHO, YTO TUAPOPOOHBIE CBOKCTBA MOTYT
3aIUINATh IOBEPXHOCTH OT ITporjecca broobpacTaHus
6naromapst HU3KOH IIOBEPXHOCTHOM SHEpPTrHH Ha Ipa-
HHIIe pas3ziena TBepAOro Tejaa U BO3AyXa, YTO He JaeT
KIeHMKOMY aJire3sBy MHKPOOPTaHM3MOB B3aHMOJek-
CTBOBaTh C MaTepuhasnoMm [9]. Ha puc. 1 mokasaHo
CxeMaTH4ecKoe Ipe[CTaBAeHHe JIa3ePHOT0 CTPYKTY-
PUPOBAaHHUS MeTA/UIOB A1 GOPMHPOBAHHUS THUAPO-
$OOHBIX CBOMCTB M IIOBeJeHMS [AAHHOH Ja3epHO-
WHAYLHUPOBAHHON IIOBEePXHOCTH B BOJHOM Cpefe
I10 CPaBHEHHIO C HeoOpaboTaHHOM.

[Ipu mozpbope peXXMMOB CTPYKTYPHPOBAHHUSI MBI
B3SUIM 3a OCHOBY IIOJy4aeMOM TIeOMeTpHUUeCKOHn
CTPYKTYpbl THAPOGOOHBIe penbedsl JTOTOCA K PO3HI,
HMeIol[e TaK Ha3blBaeMble CTONIOHKH pa3mepaMu
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pm and a depth of 10-12 pm. Based on the laser beam
scanning pitch (M) of 50 pm and 100 pm, the dimen-
sions of the protrusions (columns) were 16 pm and
66 pm, respectively. For each week of contact angle
measurements, 5 samples were prepared for one type
of treatment and one scanning pitch for individual
modes of both metals. Fig. 2 provides photographs
of the surface morphology of aluminum and steel
obtained using an optical microscope, as well as the
profile records of these surfaces.

The contact angles were used to obtain the depen-
dency diagrams of these angles on the sample reten-
tion time in water (Fig. 3). On these diagrams, the
value given for the first day was the sample contact
angle prior to its placement in the aquarium. In some
cases, the contact angle was 180 degrees due to the
inability to measure the angle, since the drop was not
placed on the surface, but remained on the Satorius
mechanical dispenser.

During the study of the results obtained for unstruc-
tured samples, no explicit dependence is observed. For
the specimens which study has begun immediately
after the laser structuring process, a slight increase
in the angle is observed for all modes after a month in
the aquarium.

To obtain the hydrophobic and superhydrophobic
structures, we retained our samples after laser struc-
turing in air for 3 weeks to precipitate organics. To
speed up this process, other samples after laser struc-
turing were subjected to the low-temperature anneal-
ing in a muffle furnace. As a result, we obtained
the hydrophobic angles for distilled water prior to
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Puc. 2. CHumKu mopconozuu nosepxHocmu aaomurus (Al) u cmaau (St), a makxke npoduAoz2pammbl 3mMux nogepxHocmeli:
mukpogpomozpaduu (a) u npodunozpammsl (b) npu CKAHUPOBAHUL 8 0OHOM HANPABAHUU, NPU CKAHUPOBAHUU 8 O8yX 0pMO020-
HAAbHBIX HANpaeAeHusx: npu M =50 mkm (c) u M =100 mkm (d)

Fig. 2. Images of the surface morphology of aluminum (Al) and steel (St), and profilograms of these surfaces: microphoto-
graphs (a) and profilograms (b) with scanning in one direction, with scanning in two orthogonal directions: at M=50 pm (c)

c) d)

ropsiAka 50 MKM U 16 MKM COOTBETCTBEHHO U obnana-
IOl Ke BBICOTOU Iopsifika 10 MKM.

Ha xaxxmom obpasie 6bUIM CO34AaHBI CTPYKTYPBI
pasMepoM 7x7 MM, Ja3epHasi 3aIlKCh IPOK3BOAMUIACH
B IUIOCKOCTSIX TaKHM 06pa3om, YTOOBI IIOTydaeMble
KaHaBKH OBUIH IepIIeHIUKY/ISPHBI IPYT ApYyry, obpa-
3ys pemleTky (puc. 2). [TolydyeHHble KaHAaBKH HMeJH
IIUPHHY 34 MKM, a raybuny - 10-12 mxm. Hcxops
M3 MapaMeTpa IIara CKAHHUPOBAHHUS Ja3epPHBIM IIyd-
koM (M) B 50 MKM 4 100 MKM, pa3Mephl BBICTYIIOB
(cTonbukoB) 6pUIH 16 MKM U 66 MKM COOTBETCTBEHHO.
Ha Kaxayoo HeJell0 3aMepoB YIJIOB CMadMBaHMHS
6bIO ITOATOTOBJIIEHO IO 5 00pasloB mJs OIHOIO
BUJa o6paboTKM KM OGHOrO 3HAYeHHs IIara CKAHHU-
POBaHUS [ HHOUBHUAYAJIBHBIX PEXKHUMOB 060HX
MeTajU1oB. Ha puc. 2 mpefocTaB/leHbl CHUMKU MOP-
doJIoruy OBEepPXHOCTH ATIOMUHUS U CTAJIH C ONITHYe-
CKOTO MHKPOCKOIIA, a TakKe IMPOPHIOrPaMMBbl 3THX
[IOBEPXHOCTeH.

I[To 3aMepaMm YITIOB CMaYMBAaHUS OBUIM I10Ty4eHBI
rpaduKU 3aBUCHMOCTH STHX YIJIOB OT BPeMeHH IIpe-
6piBaHKs 0OpasLoB B Bome (puc. 3). Ha rpadukax
3HaueHHe, yKa3aHHOe [Isi IIepBOro JHS,— 3TO yIroil
CMa4yMBaHHUS obpaslia 0 MOMeHTa IIOMeIIeHHs ero
B aKBapUyM. B HeKOTOpBIX C/y4asx yroja CMaduBa-
HHS paBeH 180 rpaaycoB, YTO CBA3aHO C HEBO3MOXKHO-

the sample placement in the aquarium. The samples
exposed to air for 3 weeks after laser structuring dem-
onstrated the higher hydrophobic values for most
modes. However, these samples lost their hydropho-
bicity after exposure to water. We believe that the
bond energy of organic compounds with oxides on the
metal surface was not high enough, and the organic
compounds were washed off with water.

Thus, prior to the sample placement in an aqueous
medium for both metals with a scanning pitch of 50
pm (during the treatment for surface hydrophobiza-
tion), it was possible to obtain hydrophobic angles
greater than in the case of processing with a scanning
pitch of 100 pm. This was due to the fact that with
an increased roughness of the hydrophobic surface
within the same material, the hydrophobic properties
were also increased, that is, the contact angle was
enlarged.

2. Assessment of the Metal Surface
Biofouling Degree Before and After Laser
Treatment

Fig. 4 shows the results of the biofouling degree for

the samples with different treatments. The X-axis

indicates the time spent by the samples in water taken
from the coastal zone of the Gulf of Finland, and the
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Puc. 3. 3asucumocms KOHMAKMHO20 y2Aa AUCMUAAUPOBAHHOU 800bl Ha nogepxHocmu antomuHus (Al) u cmanu (St) om 8pemeHu
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Fig. 3. Dependence of the contact angle of distilled water on the surface of aluminum (Al) and steel (St) on the residence time in
water: after laser structuring (a); after laser structuring and low-temperature annealing (b); after laser structuring and exposure
to air (c); unstructured sample (d)

CTBIO M3MEpHUTh YTo/I, TaK KaK KaIUIsl He ITOMellanach
Ha IIOBEPXHOCTh, a OCTAaBaJaCh Ha MeXaHHYECKOM
IUCIaHcepe Satorius.

B xome HCCIeNOBaHHUS IOIYYeHHBIX pe3yJbTaTOB
IJIsL HeCTPYKTYPUPOBAHHBIX 00pa3LIOB SIBHOM 3aBHCH-
MOCTH He Habmiomaercs. [yisi 06pas3nos, ube KCCIERO-
BaHME HAaYMHAJIOCh Cpa3y IIOC/Ie JIa3epPHOTO CTPYKTY-
PHPOBaHMUS, Yepe3 MeCSUYHBIN IePHOA HaXOXKAEHUS
B aKBapHyMe HabofaeTcss HeOOIBIION IIPHUPOCT yIIa
IJISI BCEX PEKHMOB.
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Y-axis indicates the fluorescent intensity produced
by the nuclei of microorganisms. Thus, a qualitative
assessment of the fouling degree was based on the
fluorescency of the nuclei. The results demonstrated
the least biofouling in the case of laser structuring
and subsequent long-term exposure to air. An analysis
of the graphical dependencies led to the conclusion
that it was during this treatment (laser structuring
and prolonged exposure to air) that the microorgan-
isms did not find these structures convenient for
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I monydeHUs THAPOGOOHBIX M CYyIEeprufipo-
$OOHBIX CTPYKTYpP MBI OCTaBJS/IM HAIIH 06pasIibl
I10CTIe J1a3epHOro CTPYKTYPHPOBAaHHUS Ha BO3Zyxe Ha 3
HeJleNIH JJ1S OCKAEHUS OPTaHUKH, a IJIsS YCKOPeHHUS
OAHHOrO IpolLiecca Apyrve obpasubl Iocie jasep-
HOT'O CTPYKTYPHUPOBAHHUS IIOJBEPrajii HHU3KOTEMIIe-
PaTypHOMY OTKHUIY B MydenbHOH Iedyd. B pe3syib-
TaTe MBI CMOIJIA IIOJIYYUTh TUAPOPOOHBIE YIJIBI AJIs
OUCTU/UIMPOBAHHOM BOABI [0 IIOMeIeHHUs obpasiion
B akBapuyMm. Ha obpasuax, KOTOpele HaXOLHIHCh
3 Helenu Ha BO3JyXe IIOC/e JIA3€PHOTO CTPYKTypH-
poBaHHUsI, OBUIM IIONydeHBI OOnbLIME TUAPODOOHBIE
3Ha4YeHUs AJasg OONBIIMHCTBA PeXHUMOB. OIHAKO

i g

colonization that was related to the superhydrophobic
angles.

We link the decrease in the biofouling degree over
time during the treatments with the hypothesis that
the microorganisms fail to colonize on the surface,
since our structures are unfavorable for them both in
size and in surface properties preventing their adhe-
sive substance to bind.

CONCLUSION

Based on the biofouling degree assessment results,
it has been concluded that the sample long-term
exposure to air after laser structuring is a favorable
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Fig. 4. The results of the degree of biofouling on samples with different processing: after laser structuring (a); after laser struc-
turing and low-temperature annealing (b); after laser structuring and exposure to air (c); unstructured sample (d)
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OaHHBIe 00pasibl yTPauUBAIK CBOI THIPOPOoO6HOCTDH
[I0C/Ie HaXOKAeHHUHU B Boge. Mbl cuMTaeM, 4TO SHep-
THs CBSI3M OPTaHHUYeCKHX COefMHEeHHH C OKCHAAMH
Ha IIOBePXHOCTH MeTa/UIoB 6blIa HeZOCTaTOUHO
BBICOKA, W OpPTaHHMYeCKHEe COeJUHEHHS CMBIBAIKCh
BOJIOM.

TakuMm obpasom, Iepes IMoMelleHHeM 06pa3lioB
B BOJHYIO Cpefly AJi1 060X MeTasIOB IIPH MLIare CKa-
HUPOBaHUS 50 MKM (mpu obpaboTke st TUAPOHO-
6M3alMU ITOBEPXHOCTH) YAATI0Ch IIONYyYUTh THAPO-
dobHbIe yribl 6onble, yeM Jyist 06paboTKU C IIarom
CKaHHpoBaHHUs 100 MKM. JTO BRI3BAHO TeM, UTO IIPHU
yBeIMYeHUU HIepOXOBATOCTH T'HAPOPOOHON IOBEPX-
HOCTH B PaMKax OJHOI0 MaTepHa/la YBeIMYHBAKOTCS
1 ruApodobHEIe CBOMCTBA, TO €CTh pacTeT KOHTAaKI-
HBIM YrOJI CMAaYHBaHUS.

2. OueHka cteneHu 6uoobpacraHus
NOBEPXHOCTU MeTa/IJIOB A0 U Nnoce
nasepHom o6paboTku

Ha puc. 4 mokasaHBI pe3yabTaThl CTeleHH 6uoo-

bpacTaHusa Ha 06pasLax C pa3IUYHON 06pabOTKOM.

ITo ocu abcrucc yKasaHO BpeMs HaxoAeHHs obpas-

II0B B BoJe, B3SITOH U3 HPI/I6PE>KHOI:I 30HbI PHUHCKOIO

3a/IMB4, 4 II0 OCH OPAHHAT yKd3dHa MHTEeHCHBHOCTb

CI)JIYOPECI_IE‘HTHOI'O CBe4YeHHs, KOTOpoe HOaoT sa[4pa

MHKPOOPraHHU3MOB. Takum 06pa30M Ka4dyeCTBeHHAas

OLleHKa CTeIleHH O6paCTaHI/Iﬂ IIpoBOAMNJIACDE 10 (I)J'IYO‘

pecueHTHOMY CBEYEeHHUIO A€ePp. PEBYHBTaTbI ITIOKa3aJIHu

HaVMeHbIllee 6H006paCTaHI/Ie IIpH JIa3€pHOM CTPYK-

TYPUPOBaHHUHU U IMOC/IeNyIollel IIPOAOIKUTENbHOM

BBII€P’KKEe Ha BO34YyXe. AHanu3 I'pa(l)I/I‘-IeCKI/IX 34BH-

CHMOCTEHM I103BOJIMJI CcaesaTb BBIBOJ, YTO HMEHHO

IIpH JaHHOM 06paboTKe (1a3epHOe CTPYKTYpPHpPOBa-

HHUe W IIpOAO/DKHUTE/IbHASA BBIAEP)KKA Ha BO3,Z[YX€)

MHKPOOPTaHHU3MBL He HAXOAHJIN NadHHBIE CTPYKTYPBI

y,EI;O6HbIMI/I [JIS1 KOJIOHHU3allHK, YTO CBSI3aHO C CyII€p-

rUIpoGOOHBIMHU 3HAUEHHUSIMU YIJIOB.

YMeHbllIeHHe CTelleHU 6H006paCTaHI/IH C Teye-
HHeM BpeMeHHU IpH 06paboTKax MBI CBSI3BIBAEM
C TUIIOTE30H1 O TOM, 9YTO MHUKPOOPraHH3MaM He yAa-
€TCS KOJIOHHU3HUPOBATBCA HA IIOBEPXHOCTH, TaK KakK
Hallk CTPYKTYPhI HeGHaI‘OHpI/IHTHbI OJIs1 HUX KaK
I10 pa3MepaM, TaK H IIO CBOMCTBaM IIOBEPXHOCTH,
4TOOBI COEeIIMTBbCA C HeH CBOUM aJAre3rBHbBIM KJIeH-
KUM BellleCTBOM.

3AKJ/TIOMEHUE

[To pe3synbTaTaM OLleHKHU CTelleHH 6moobpacTaHUs
cHe/laH BBIBOJL O TOM, YTO BbIIep>KKa 06pasILoB moce
Jla3epHOr0 CTPYKTYPUPOBaHMSI Ha BO3ZAyXe IPOOI-
SKUTeNbHOE BpeMsi OKa3bIBAaeTCsl 61aronpUsITHBHIM
PESKMMOM [JISI 3aIlIUTBl OT MeTIIMYecKHUX I10fJI0-
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mode for the metal substrate protection against
biofouling, since the biofouling indices have the
lowest values. We associate it with the fact that
the superhydrophobic angles are obtained for most
modes during the laser structuring and air treat-
ment. Thus, in the case of such treatment of
both steel and aluminum, imitation of the struc-
ture of a lotus and a rose is a possible solution
to the problem of protection against biofouling.
When comparing the graphical results, we can
conclude that a scanning pitch of 50 pm for steel
and a scanning pitch of 100 pm for aluminum are
optimal for laser structuring and subsequent low-
temperature annealing. This conclusion is made
based on a comparison of the biofouling degree of
unstructured samples and samples obtained imme-
diately after the laser structuring with the samples
obtained after laser structuring and low-tempera-
ture annealing.

For further study of the results obtained, it is
planned to put the system under study in motion dur-
ing the further experiments so that the samples are
not in a stagnant water, as well as to measure the bio-
fouling level by a parametric method, while varying
the number of organisms of certain species planted in
water.
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kKeK OT 6moobpacTaHHMs, TaK Kak IIOKasaTend 6uo-
obpacTaHHS UMeIT HaWMeHbIIHe 3Ha4deHHUs. Mel
CBSI3BIBa€M 3TO C TeM, YTO JJIsi GOJIBIIMHCTBA PeXKH-
MOB IIPH J1a3€PHOM CTPYKTYPHUPOBaHUHU U 06paboTke
Ha BO3yXe OBIIM IIONy4eHHl CymnepruapodobHbIe
yrael. TakUM ob6pa3oM, U ISl CTAIH, U IJIS AJIIOMU-
HUSI IIPU JAHHOU 06paboTKe MMHUTALUS CTPYKTYPHI
JIOTOCA M PO3BI SIBISIETCS BO3MOKHBIM PpelleHHeM
mpobyieMbl 3aIIUTHL OT 6uoobpacTaHus. IIpu cpas-
HeHUHU TpadUyUecKUX Pe3yabTaTOB MOXKHO C/enaTh
BBIBOJL O TOM, YTO IIar CKAHHUPOBAHHUS 50 MKM IS
CTalW M IIar CKaHupoBaHug 100 MKM O aJio-
MHHUS SIBISIOTCS ONTHMAJIBHBIMHU IpU 0bpaboTke
Jla3epHBIM CTPYKTYPHPOBAaHHEM M IIOC/Ie[YIOIHM
HHU3KOTeMIIePaTyPHBIM OTKUIOM. [JaHHBIM BBIBOJ
CHenaH, HUCXOMs U3 CpaBHEHHUS cTeleHU 6moobpacra-
HUS HeCTPYKTYpHPOBAaHHBIX 00pa3loB U 0OpasLoB,
IIOJIyYeHHBIX Cpa3y II0C/Ie JIa3epHOI0 CTPYKTYypHPO-
BaHMS, ¢ obpasliaMu, IOJTYYeHHBIMHU IIOCIIe Ja3ep-
HOTO CTPYKTYPHPOBAHUSI M HH3KOTEMIIePATypPHOI'O
OT>KHUTA.

[l JanpHEHIIero MCC/IefOBAHHUS II0Ty4eHHBIX
Pe3yJIbTaTOB IUIAHUPYeTCS B AAJIbHEHIIHX KCIEpH-
MEeHTax IPHUBECTH HCCIefyeMyl0 CHUCTeMy B JUHA-
MHKY, 4TOOBI 06pa3Libl He HaXOLUIHUCh B CTOSTYEH
BOZle, a TaKke M3MepHUTb ypoBeHb 6H006pacTaHUS
IIapaMeTpUYeCKUM METOIOM, BaPbHPYSI KOTHYIECTBO
BBICKMBAEMBIX B BOZY OPTaHH3MOB OIIpeZe/leHHBIX
BU/[IOB.
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