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Introduction. Surface modification using laser radiation is a promising direction in the field of creating new
technologies for treatment metal materials, including those for medical purposes. The ability of lasers to change the surface
characteristics of a material and, consequently, its interaction with the environment has attracted great interest among
researchers. Despite numerous recommendations for the use of laser surface treatment, there is still lack of systematic and
detailed studies on the influence of parameters on the structural-phase state and properties of the modified surface, especially
concerning ultraviolet laser exposure. The purpose of this work is to study the hydrophilicity of the surface of TiNi alloy
and stainless steel after UV laser treatment. Materials and methods of the study: experimental samples made of TiNi
(TN-10) alloy and 12KHI8NOT (AISI 321) stainless steel were locally (beam diameter 0.5 cm) exposed to a solid-state
Nd:YAG laser at the wavelength of 266 nm, with a pulse duration of ~ 5 ns, and pulse repetition rate of 10 Hz. The material
was exposed to a constant output radiation energy density of 0.1 J/em?, with a change in the exposure duration from 10 to
600 s. Before and after UV laser treatment, the wettability of the material surface and free surface energy were determined.
The structure, elemental and phase composition, and surface topography of TiNi and steel were studied using scanning
electron microscopy with the determination of the elemental composition by energy-dispersive spectroscopy, X-ray phase
analysis, and profilometry. Results and discussion. Ultraviolet laser treatment of the surface of TiNi alloy and steel samples
leads to an increase in their hydrophilicity. In the initial state, the contact angle of wetting is =75° for both materials, and
after ultraviolet laser treatment it decreases to ~11-13° for TiNi and to ~22° for steel. The phase composition of steel does
not change during laser treatment, and phases belonging to oxides are recorded on the surface of TiNi after 420 seconds of
treatment. Ultraviolet laser treatment of TiNi alloy and steel leads to an increase in free surface energy, a change in the ratio
of its components (a decrease in the dispersed component and a significant increase in the polar component), an increase in
the oxygen content on the surface of both materials. With long laser exposure times (more than 300 seconds), microcracking
occurs on the surface of the processed material, leading to an increase in roughness. The change in the surface topography
(roughness) of TiNi alloy does not have a noticeable effect on the wettability of the surface of metal materials, and for steel
samples, there is an insignificant tendency to reduce the contact wetting angle with increasing roughness. The degree of
hydrophilicity of metal materials, characterized by the contact wetting angle, increases with an increase in the duration of
laser exposure due to saturation of the surface with free oxygen and an increase in free surface energy (its polar component).
Based on the studies, it can be concluded that ultraviolet laser treatment is an effective way to change the wettability of
metal materials.

For citation: Sablina T.Y., Panchenko M.Yu., Zyatikov I.A., Puchikin A.V., Konovalov [.N., Panchenko Yu.N. Study of surface hydrophilicity
of metallic materials modified by ultraviolet laser radiation. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working
and Material Science, 2024, vol. 26, no. 4, pp. 218-233. DOI: 10.17212/1994-6309-2024-26.4-218-233. (In Russian).

Introduction

The main methods of changing the surface properties of metallic materials, used both in technology
and medicine, are various types of surface treatment [ 1-5]. Surface modification using concentrated energy
flows is one of the promising areas in the field of creating new technologies for treating metallic materials,
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including materials for medical purposes (biomaterials) [1, 6-10]. The main purpose of surface treatment
of metallic biomaterials is to obtain a modified layer with specific properties on the material surface. Such
surface characteristics as wettability, surface energy, roughness, phase and chemical composition have a
significant impact on the biocompatibility of materials in a physiological environment. In this case, both
the corrosion properties and the ability to integrate biomaterials into living biological tissues largely depend
on the wettability of these materials with biological fluids, aqueous solutions of salts and acids [4, 6, 7,
9, 11, 12]. In terms of interaction with biological fluids, cells and tissues, a hydrophilic surface is more
preferable than a hydrophobic one. Unlike conventional materials, the surface of implants with increased
hydrophilicity provides higher rates of osseointegration, i.e. interaction of biomaterial with bone tissue
without the participation of connective tissue [13].

The ability of lasers to change the surface characteristics of material and, consequently, its interaction
with the environment has attracted great interest among researchers in using this unique feature to improve
the material behavior in biological environments [9, 11, 12, 14—-17]. The advantage of using laser radiation
for modifying the surface of various materials is that laser treatment is an environmentally friendly, non-
contact and relatively fast method, and this method of treatment is characterized by high accuracy and the
possibility of local influence. By adjusting the parameters of laser treatment, it is possible to selectively
change the surface of the material without affecting its internal structure and volumetric properties.
Nowadays, lasers are increasingly used as a tool for modifying the surface of various metallic materials
and devices which are used as biomedical materials in cardiology, orthopedics and dentistry and other areas
[11, 18-20].

The works [1, 5,9, 11, 14, 18-22] note that lasers are mainly used to modify the surface of metal implants
in order to improve osseointegration, corrosion resistance and hydrophilicity. Metallic biomaterials based
on titanium and its alloys, as well as stainless steel, are used in the manufacture of artificial heart valves,
pacemakers, stents for blood vessels, bone and joint endoprostheses (shoulder, knee, hip, elbow), for auricles
reconstruction, in facial surgery, and also as dental implants. These biomaterials prevail over other classes
of biomaterials due to the synergistic combination of excellent mechanical properties, corrosion resistance
and wear resistance, as well as long-term biocompatibility [12, 14, 19, 20, 23, 24].

Recently, controlled laser treatment has been actively studied to change the topography, morphology,
and physicochemical properties of the surface of biomaterials, including with the aim of reducing bacterial
adhesion on the surface of implants and, thus, tuning its biological and other surface properties [11, 16,
17, 20, 22, 25]. In vitro and in vivo studies have been conducted to estimate the effect of laser treatment
on adhesion, cell growth and proliferation, wettability, surface hardness, mechanical properties, surface
morphology, antibacterial properties, and biofilm formation on the surface of implants [13, 15-17, 20, 23,
25, 26].

It should be noted that basically all studies on laser treatment on materials surface aimed at changing
the morphology, topography and properties of the materials surface were carried out using radiation with
a wavelength of A = 1,064 nm or A = 532 nm with high values of energy density or power [10, 15, 17, 25,
27]. Works on the study of the effect of ultraviolet (UV) laser radiation (A < 400 nm) on the surface of
materials are not many [20, 28, 29]. However, despite numerous recommendations on using laser surface
treatment, there is still lack of systematic and detailed studies of the effect of laser radiation parameters on
the structural-phase state and properties of the modified surface of metallic materials.

The purpose of this work is to study the hydrophilic behavior of the surface of 7iNi alloy and stainless
steel after UV laser treatment. The objective of this study is to conduct a comparative analysis of the contact
angle, structure, topography, phase and chemical composition of the surface of 7iNi and steel specimens
before and after laser treatment with a change in the exposure duration.

Materials and methods of investigation

The experimental specimens in the form of plates with dimensions of 10x10%1.5 mm (length x width x
thickness) made of an alloy based on titanium nickelide 7iNi (TN-10), developed at the Research institute of
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medical materials and implants with shape memory (Tomsk) (identification mark — 7iNi) and stainless steel
0.12 C-18 Cr-9 Ni-Ti (GOST 5632-72) (AISI 321) (identification mark — steel) were taken for the study.
The specimens were previously polished on SiC grinding paper of various grits P600—2500 (ISO6344) and
then polished to gloss with diamond pastes ASM or ASN 3/2, 2/1, 1/0. To remove surfactant contamination
after polishing, the specimens were washed in an ultrasonic bath (VGT-1620QTD, China) successively in
alcohol and acetone for 10 minutes. Ultraviolet laser treatment was carried out in air at normal atmospheric
pressure and room temperature (22 + 3 °C). Experimental specimens were exposed to radiation of the 4"
harmonic of O-smart 850 Nd: YAG laser (Quantel, France) at the wavelength of 266 nm. Pulse duration was
~ 5 ns, pulse repetition rate was 10 Hz. Experimental scheme of laser treatment is shown in Fig. 1, a. The
material was treated stationary, without moving the specimen and laser beam, at a constant radiation energy
density of 0.1 J/em’, and the duration of treatment was varied from 10 to 600 s. The area of exposure on the
surface of the experimental specimens was limited by the diameter of the laser beam d = 0.5 cm (Fig. 1, b).

Sample
UV laser beam (A = 266 nm) d
[—y
a b

Fig. 1. Experimental scheme of UV laser treatment of specimen surface

Before and after UV laser treatment, the wettability of the materials surface was determined using the
sessile drop method of test liquids (deionized water, glycerin) with known properties of surface energy
at the contact angle. Contact angle was measured by photographing a drop on the surface of the material.
To do this, a 3 pl drop of liquid from a micropipette was applied to the horizontal surface of the metallic
material, after which the drop was photographed so that the optical axis coincided with the plane of the
material surface and the drop. The height A and the length of the baseline 2r of the drop were measured from
the obtained photographs (Fig. 2), and the contact angle (®) was calculated using the semi-angle method
using formulas (1, 2):

@ =tan" &/ r, (1)
0=20, (2)

where 4 is the height;  is the half of baseline length.
At least 5 series of contact angle measurements were carried out for the original surface and for each
treatment mode.

| specimen

Fig. 2. Scheme of measuring the wetting contact
angle
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The free surface energy v, of the material before and after laser treatment was determined by the Owns —
Wendt — Rabel — Kjelble (OWRK) method [30], using known reference data on surface tension, dispersed v,
and polar Y, components of the test liquids (water and glycerin) and the obtained data on the contact angle.
The surface topography of 7iNi alloy and steel before and after laser treatment was studied using the contact
method with a profilometer for tribological tests (7¢-Tribotechnic, France) equipped with a high resolution
diamond needle (7.55 nm along the Z axis) without a sliding element. The roughness Ra, averaged over the
entire length of the baseline equal to 3 mm, was measured in accordance with GOST 2789-73. At least 5
measurements were performed for each specimen. The structure and elemental composition of the materials
surface before and after treatment were estimated using data obtained using a scanning electron microscope
(SEM) (VEGA 3 TESCAN, Czech Republic) equipped with an energy dispersive analyzer (EDS). The phase
composition of 7iNi and steel specimens in the initial state and after laser treatment was determined from
diffraction patterns obtained on a DRON-type X-ray diffractometer (Burevestnik, St. Petersburg, Russia)
with filtered CuKa radiation in the range of scanning angles 20 30°-110°. Qualitative and quantitative
analysis of X-ray diffraction (XRD) patterns was carried out using the PDWin and CDA software packages
(OJSC Burevestnik, St. Petersburg, Russia).

Results and discussion

Measuring and determining the contact angle with deionized water is the simplest method for studying
the wettability of material surfaces. Fig. 3 shows the graphs of the dependence of the contact angle of
TiNi and steel surfaces and the duration of UV laser treatment. The insets (Fig. 3) show typical images of
water droplets on the specimen surfaces before and after laser treatment. In the initial state, the contact
wetting angles for 7iNi and steel specimens are similar, measuring 75.0 + 5.1° for 7iNi and 75.4 + 5.4° for
steel. Ultraviolet laser treatment alters the hydrophilicity of both 7iNi alloy and steel surfaces. The contact
angle decreases as the UV laser treatment duration increases. Already after 10 s of treatment, a significant
reduction in the contact angle is observed for both materials compared to its initial state. For 7iNi specimens,
the contact angle decreases more than twofold, while for steel specimens, it decreases by approximately
30 %. A sharp decrease in the contact angle is seen up to 120 s of treatment. With a further increase in the
duration of treatment, the contact angle for 7iNi specimens remains virtually unchanged at 11-13°, while
for steel specimens, it continues to decrease gradually, reaching a minimum value of 22.6 + 4.2° after 600
s of laser treatment. As observed in Fig. 3, increasing the duration of UV laser treatment reveals differences
in the kinetics of contact angle changes for 7iNi and steel specimens. The contact angle of 7iNi decreases
faster and more significantly compared to steel as the treatment duration increases. Moreover, the minimum
values of the contact angle also differ. For the same duration of ultraviolet laser treatment, the contact angle
of 7iNi specimens is 1.5-2 times lower than that of steel ones.

Therefore, ultraviolet laser treatment of 7iNi and steel specimens’ surfaces effectively alters its
hydrophilic behavior, making the 7iNi alloy more hydrophilic than steel with the same laser treatment
parameters. Since the wettability of materials is regulated by a thin surface layer (the first atomic layers
of the surface), any change in the physicochemical properties of this layer can significantly affect it [31].
Currently, there is no consensus among researchers regarding the mechanisms of changing hydrophilicity
through various surface modification methods. Numerous hypotheses exist about the causes of changes in
the degree of hydrophilicity of materials, and these hypotheses are often contradictory. Surface wettability is
greatly influenced by the phase and chemical composition of the surface, the surface microgeometry factor,
its texture, roughness, structure, as well as the surface polarity, which is one of the important characteristics
affecting the affinity for water [21, 22, 27, 32]. One hypothesis suggests that a decrease in the contact angle,
indicating an increase in hydrophilicity, may result from cleaning the surface of materials from organic
contaminants [4, 33—35]. On the one hand, it is known that contamination of the metal surface with organic
compounds with a predominance of hydrocarbon groups in the molecule leads to surface hydrophobization,
therefore, removal of these organic contaminants from the surface of materials can lead to a moderate
increase in surface hydrophilicity [35]. At the same time, a number of studies report the absence of an effect
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Fig. 3. The dependence of contact wetting angle on the duration of UV laser
treatment

of cleaning the surface from organic contaminants on its hydrophilicity [36, 37]. On the other hand, metal
oxides have increased hydrophilicity and can chemically alter the surface wettability due to its strong affinity
for hydroxylation [27, 38]. An increase in hydrophilicity can also result from the process of photooxidation
during surface treatment [35]. In particular, titanium dioxide becomes superhydrophilic when exposed to
UV radiation due to its photocatalytic activity [39]. Several studies [26, 40] have reported on the laser
oxidation of metal surfaces both during irradiation in water and in air, which is associated with possible
processes of excitation, ionization, and dissociation of atmospheric oxygen. It is known that laser treatment,
which causes surface oxidation and increases the oxygen content on the treated surfaces, can enhance its
hydrophilicity [27]. However, a thin oxide film on the surface of metals does not prevent further interaction
with oxygen [15, 41-43]. Therefore, in this study, a change in the hydrophilicity of metallic materials can
also be attributed to the saturation of the surface with atmospheric oxygen and its subsequent oxidation.

The data on the change in the amount of oxygen on the surface of 7iNi and steel after UV laser treatment,
obtained using EDS during SEM study and XRD analysis, presented in Figs. 4-7, indicate the saturation of
metallic surfaces with oxygen and the formation of an oxide film during ultraviolet laser treatment.

Figs. 4 and 5 show SEM images of TiNi and steel specimens with the results of EDS analysis in the
initial state and after laser treatment.

According to the data obtained from scanning electron microscopy, the structure of the 7iNi specimens
consists of a 7iNi matrix (light areas) and a small amount of 7iC precipitates (dark areas) (Fig. 4, a). The
elemental composition of the matrix primarily consists of 7i and Ni in a ratio that is close to equiatomic,
and an insignificant amount of Mo and Fe. Additionally, the matrix contains carbon and a small amount of
oxygen. The secondary phase precipitates contain 7i, C and Ni (Fig. 4, b). After 300 s of laser treatment,
there is an observed increase in the oxygen content by approximately 10 times (Fig. 4, ¢), and a further
increase in the treatment duration to 600 s results in an even more substantial increase in oxygen levels
on the material’s surface (Fig. 4, d). For the steel specimens subjected to UV laser treatment durations of
60-300 s, only minor changes in the oxygen concentration on the surface are observed, whereas after 600
s of treatment, the oxygen content increases to approximately 13 at. % (Fig. 5).

UV laser treatment results in an increase in the amount of oxygen on the surface. When comparing the
oxygen levels on the surfaces of 7iNi and steel specimens after UV laser treatment, it is evident that, under
identical treatment conditions, the oxygen concentration on the 7iNi specimens is significantly higher than
that on the steel specimens. This difference may be attributed to the presence of a substantial amount of

Vol. 26 No. 4 2024 %



% OBRABOTKA METALLOV MATERIAL SCIENCE

c d
Fig. 4. SEM images of Ni-Ti alloy specimens with the results of £DS analysis before (¢, b) and after
UV laser treatment for 300 s (¢), 600 s (d)

titanium in the 7iNi alloy, which has a higher electronegativity and thus is considerably more chemically
reactive in the presence of oxygen. Titanium is more prone to lose electrons and form oxides than iron,
chromium, and nickel found in stainless steel. Additionally, titanium can lead to the formation of more
stable oxides, such as TiO,, compared to the typical oxides formed in stainless steel. The oxide film of 7iO,
also exhibits a more ordered and compact structure than the oxides formed on stainless steel surfaces, such
as chromium oxides.

Figs. 4, d and 5, d illustrate that after 600 s of treatment, changes occur in the morphology of the 7iNi
and steel surfaces, leading to the formation of distinct surface textures on both materials. A crack network is
observed on the 7iNi surface, and the microcracking of a thin surface layer during long-term laser treatment
is likely a consequence of the influence of the heat-affected zone caused by local heating during laser
treatment, followed by rapid cooling after the end of treatment. This phenomenon is associated with the
thermal gradient and stresses generated as a result of the rapid cooling of the treated material’s surface.
Microcracking can also be caused by the difference in the coefficients of linear thermal expansion of the
base material and the metal oxide formed on the metal surface during laser treatment.

In contrast to the 7iNi alloy, a granulated structure is developed on the surface of the steel specimens
after 600 s of UV laser treatment. In [31], it was reported that similar granulated structures were observed
on the surface of A41S7 316L steel when subjected to laser irradiation at a wavelength of A = 532 nm and
a laser radiation power density of 1.1 J/cm?. The formation of these structures was attributed to the rapid
solidification of the molten zone after ablation. The formation of such a structure on the steel surface
under UV laser exposure can also be caused by thermal processes, such as melting and evaporation of the
material. Different surface morphology after UV laser treatment under identical conditions for 7iNi and
steel specimens is related to its different thermophysical and chemical properties. Microcracking on the
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Fig. 5. SEM images of stainless steel specimens with the results of EDS analysis: initial surface (a),
surface after UV laser treatment for 60 s (b), 420 s (¢), 600 s (d)

surface of the 7iNi alloy and the development of a granulated structure in steel contribute to an increase
in the surface roughness Ra of the specimens, as indicated by the measurements of surface roughness of
metallic materials before and after laser treatment. Initially, the Ra of the TiNi specimens is 40.9 £ 5.3
nm, while for the steel specimens, Ra is 27.7 + 5.3 nm. Long-term UV laser treatment (600 s) results in a
more than twofold increase in roughness: Ra increases to 82.3 £+ 5.3 nm for 7iNi and to 64.3 + 6.2 nm for
steel. Changes in surface topography (roughness) do not significantly affect the wettability of the 7iNi alloy
surface, while for steel specimens, a slight tendency to decrease the contact angle with increasing roughness
is noted. These results are consistent with the results presented in [20, 27], which emphasize the complex
relationship between roughness and surface chemistry in changing hydrophilicity and biocompatibility.

The formation of an oxide film on the surface of 7iNi specimens after U) laser treatment is further
substantiated by data obtained through XRD. Figs. 6 and 7 illustrate the XRD patterns of 7iNi and steel
specimens both before and after laser treatment. The XRD pattern of the initial 7iNi specimens (Fig. 6, a)
and the XRD patterns of the specimens after UV laser treatment for 10, 120, and 300 s (Fig. 6, a) contain
only the peaks corresponding to the B2 phase of 7iNi (Ti,, ~Niy, ;) and the phase 7iC, which was formed
during the material manufacturing process, with a volume fraction of 5-7 %. The XRD pattern obtained
from 7iNi specimens after 600 s of UV laser treatment (Fig. 6, a) indicates a change in phase composition.
In addition to the primary B2 (7iNi) phase and TiC precipitates, peaks relating to the oxides 7iO, and
Ti,Ni, O, are also observed in the XRD pattern (Fig. 6, b).

The oxide phases identified on the surface of 7iNi specimens after long-term laser treatment are most
likely present on the surface of both the initial specimens and the specimens with a short duration of laser
exposure, as evidenced by the data on the oxygen content on the surface obtained using EDS. Apparently,
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Fig. 6. XRD patterns of Ni-Ti alloy specimens in the initial state (a, 1) and after UV laser treatment
for 60 s (a, 2), 120 s (a, 3), 300 s (a, 4) and 600 s (a, 5; b)

the small thickness of the oxide film (no more than 20 nm in accordance with [41—43]) and the insignificant
amount of oxides, not exceeding 3 % of the sensitivity threshold of XRD method, do not allow to detect the
oxides on the surface of 7iNi by the XRD method. In the XRD patterns of steel (Fig. 7) before and after laser
treatment, only phases identified as austenite and ferrite in a ratio of 75:25 were recorded. Even with UV
laser treatment for 600 s, phases belonging to oxides could not be detected in steel specimens by the XRD
method, which may also be due to limitations of the XRD method.

(230) x — ferrite
(110) @ — austenite
111
( l x
(311)
(200) o
by (200) ' (211) (222)
X x ®
(d)
=
E: ©
=
]
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36 40 44 48 52 56 60 64 68 72 76 80 84 8% 92 96 100 104
20, degrees

Fig. 7. XRD patterns of stainless steel specimens before (a) and after
UV laser treatment for 60 s (b), 420 s (c¢) and 600 s (d)

% Vol. 26 No. 4 2024



MATERIAL SCIENCE OBRABOTKA METALLOV %

It is assumed that revealed surface changes of the studied materials as a result of laser treatment affect
the free surface energy. Fig. 8 shows the dependences of the free surface energy for 7iNi (Fig. 8, a) and steel
(Fig. 8, b) specimens on the duration of UV laser treatment. For both materials, with increasing duration of
UV laser treatment, a significant increase in free surface energy is observed. After laser exposure, a change
in the ratio of dispersed y, and polar Y, components of surface energy occurs. If in the initial state for both
materials the ratio yp/y , was approximately 50/50, then after irradiation a decrease (more than 2 times) in
the dispersed component and a significant increase in the polar component are observed. With an increase
in the duration of laser treatment, the value of dispersed component y, changes insignificantly and does not
exceed 10 mJ/m’, while the value of polar component Y, increases by 2—5 times.

p - polar component p -polar component

14 - dispersive component |74 - dispersive component
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Fig. 8. Free surface energy y, and its components (polar Y, and dispersed v,) of Ni-Ti alloy (a) and stainless
steel (b) depending on the duration of U) laser treatment

Such a significant increase in the polar component indicates the surface activation as a result of laser
treatment and indicates the presence of polar functional groups on the surface (-OH, oxides, carboxyls), which
are capable of forming hydrogen bonds with liquid molecules and contribute to increased hydrophilicity.

Thus, an increase in free surface energy and a significant increase in its polar component during UV
laser treatment of both 7iNi and steel specimens are associated with the saturation of metallic materials
surface with atmospheric oxygen, its additional oxidation and the formation of an oriented layer on the

surface, in which the polar groups of molecules responsible for the generation of the polar component are
facing the air.

Conclusion

1. The study demonstrates that ultraviolet laser treatment of the surfaces of 7iNi and steel specimens
enhance hydrophilicity. In the initial state, the contact wetting angle is =<75° for both materials, but after UV
laser treatment, it decreases to 11-13° for 7iNi and =22° for steel.

2. An increase in the duration of UV laser treatment results in a tenfold or greater increase in the amount
of oxygen on the surfaces of the metal materials compared to its initial state. The long-term laser treatment
(600 s) causes changes in the surface morphology of the treated materials and an increase in roughness.

3. Ultraviolet laser treatment of the surfaces of metal materials leads to an increase in free surface
energy from 32.4 mJ/m? to 76.5 mJ/m? for 7iNi specimens and from 29.8 mJ/m? to 71.4 mJ/m? for stainless
steel specimens, primarily due to a significant increase in the polar component.
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The main factors contributing to the increased hydrophilicity of 7iNi and 0.12 C-18 Cr-9 Ni-Ti
(AISI 321) steel specimens after UV laser treatment are the increased oxygen content, the formation of
oxide phases, and a significant increase in the polar component of free surface energy.

Based on this research, it can be concluded that ultraviolet laser treatment is an effective way to change
the wettability of the surface of metal materials.

References

1. Slobodyan M.S., Markov A.B. Laser and electron-beam surface processing on TiNi shape memory alloys:
areview. Russian Physics Journal, 2024, vol. 67 (5), pp. 565—615. DOI: 10.1007/s11182-024-03158-5.

2. Filippov A.V., Shamarin N.N., Moskvichev E.N., Novitskaya O.S., Knyazhev E.O., Denisova Yu.A.,
Leonov A.A., Denisov V.V. Investigation of the structural-phase state and mechanical properties of ZrCrN
coatings obtained by plasma-assisted vacuum arc evaporation. Obrabotka metallov (tekhnologiya, oborudovanie,
instrumenty) = Metal Working and Material Science, 2022, vol. 24 (1), pp. 87-102. DOI: 10.17212/1994-6309-
2022-24.1-87-102. (In Russian).

3. Yasenchuk Y.F., Gunther S.V., Kokorev O.V., Marchenko E.S., Gunther V., Baigonakova G.A.,
Dubovikov K.M. The influence of surface treatment on wettability of TiNi-based alloy. Russian Physics Journal,
2019, vol. 62 (2), pp- 333-338. DOI: 10.1007/s11182-019-01716-w.

4. Erofeev M., Ripenko V., Shulepov M., Tarasenko V. Surface treatment of metals in the plasma of a
nanosecond diffuse discharge at atmospheric pressure. The European Physical Journal D: Atomic, Molecular and
Optical Physics, 2017, vol. 71, art. 117. DOI: 10.1140/epjd/e2017-70636-6.

5. Duan X., Yang Y., Zhang T., Zhu B., Wei G., Li H. Research progress of metal biomaterials with potential
applications as cardiovascular stents and their surface treatment methods to improve biocompatibility. Heliyon,
2024, vol. 10 (4), p. €25515. DOI: 10.1016/j.heliyon.2024.e25515.

6. Kolobov Yu.R. Nanotechnologies for the formation of medical implants based on titanium alloys with bioactive
coatings. Nanotechnologies in Russia, 2009, vol. 4 (11-12), pp. 758-775. DOI: 10.1134/S1995078009110020.

7. Kolobov Y.R., Manokhin S.S., Odintsova G.V., Betekhtin V.I., Kadomtsev A.G., Narykova M.V. Studying
the Influence of nanosecond pulsed laser action on the structure of submicrocrystalline titanium. 7echnical Physics
Letters, 2021, vol. 47, pp. 721-725. DOI: 10.1134/S1063785021070245.

8. Ionin A.A., Kudryashov S.I., Samokhin A.A. Material surface ablation produced by ultrashort laser pulses.
Physics-Uspekhi, 2017, vol. 60, pp. 149-160. DOI: 10.3367/UFNe.2016.09.037974.

9. Razi S., Mollabashi M., Madanipour K. Laser processing of metallic biomaterials: an approach forsurface
patterning and wettability control. The European Physical Journal Plus,2015, vol. 130 (11), art. 247. DOI: 10.1140/
epjp/i2015-15247-5.

10. Mironov Yu.P., Meisner L.L., Lotkov A.I. The structure of titanium nickelide surface layers formed by pulsed
electron-beam melting. Technical Physics, 2008, vol. 53 (7), pp. 934-942. DOI: 10.1134/S1063784208070189.

11. Saran R., Ginjupalli K., George S.D., Chidangil S., Unnikrishnan V.K. LASER as a tool for surface
modification of dental biomaterials: a review. Heliyon, 2023, vol. 9 (6), p. e17457. DOI: 10.1016/j.heliyon.2023.
el7457.

12. Ajmal S., Hashmi F.A., Imran I. Recent progress in development and applications of biomaterials. Materials
Today: Proceedings, 2022, vol. 62 (1), pp. 385-391. DOI: 10.1016/j.matpr.2022.04.233.

13. Buser D., Broggini N., Wieland M., Schenk R.K., Denzer A.J., Cochran D.L., Hoffmann B., Lussi A.,
Steinemann S.G. Enhanced bone apposition to a chemically modified SLA titanium surface. Journal of Dental
Research, 2004, vol. 83, pp. 529-533.

14. Yang Y., Wu Z.G., Shen B.Y., Wu M.Z., Yuan Z.S., Wang C.Y., Zhang L.C. Graded functionality obtained
in NiTi shape memory alloy via a repetitive laser processing strategy. Journal of Materials Processing Technology,
2021, vol. 296, p. 117177. DOI: 10.1016/j.jmatprotec.2021.117177.

15. Pequegnat A., Michael A., Wang J., Lian K., Zhou Y., Khan M.I. Surface characterizations of laser modified
biomedical grade NiTi shape memory alloys. Materials Science and Engineering: C, 2015, vol. 50, pp. 367-378.
DOI: 10.1016/j.msec.2015.01.085.

16. Chenrayan V., Vaishnav V., Shahapurkar K., Dhanabal P., Kalayarasan M., Raghunath S., Mano M. The
effect of fs-laser micromachining parameters on surface roughness, bio-corrosion and biocompatibility of nitinol.
Optics and Laser Technology, 2024, vol. 170, p. 110200. DOI: 10.1016/j.optlastec.2023.110200.

% Vol. 26 No. 4 2024



MATERIAL SCIENCE OBRABOTKA METALLOV %

17. Liang C., Wang H., Yang J., Li B., Yang Y., Li H. Biocompatibility of the micro-patterned NiTi surface
produced by femtosecond laser. Applied Surface Science, 2012, vol. 261, pp. 337-342. DOI: 10.1016/j.
apsusc.2012.08.011.

18. Hsiao W.-T., Chang H.-C., Nanci A., Durand R. Surface microtexturing of Ti—-6A1-4V using an ultraviolet
laser system. Materials and Design, 2016, vol. 90, pp. 891-895. DOI: 10.1016/j.matdes.2015.11.039.

19. Benay U.-Y. Mechanical performance of metallic biomaterials: fundamentals and mechanisms. Multiscale
cell-biomaterials interplay in musculoskeletal tissue engineering and regenerative medicine. Ed. by J. Miguel
Oliveira, R.L. Reis, S. Pina. Academic Press, 2024, ch. 5, pp. 113-126. ISBN 978-0-323-91821-3. DOI: 10.1016/
B978-0-323-91821-3.00011-6.

20. Li S., Cui Z., Zhang W., Li Y., Li L., Gong D. Biocompatibility of micro/nanostructures nitinol surface via
nanosecond laser circularly scanning. Materials Letters,2019,vol.255,p.126591.DOI: 10.1016/j.matlet.2019.126591.

21. Long J., Zhong M., Zhang H., Fan P. Superhydrophilicity to superhydrophobicity transition of picosecond
laser microstructured aluminum in ambient air. Journal of Colloid and Interface Science, 2015, vol. 441, pp. 1-9.
DOI: 10.1016/j.jcis.2014.11.015.

22. Razi S., Mollabashi M., Madanipour K. Improving the hydrophilicity of metallic surfaces by nanosecond
pulsed laser surface modification Journal of Laser Applications, 2015, vol. 27 (4), pp. 042006-1-042006-9.
DOI: 10.2351/1.4928290.

23. Es-Souni M., Es-Souni M., Fischer-Brandies H. Assessing the biocompatibility of TiNi shape memory alloys
used for medical applications. Analytical and Bioanalytical Chemistry, 2005, vol. 381, pp. 557-567. DOI: 10.1007/
s00216-004-2888-3.

24. Shabalovskaya S.A. Physicochemical and biological aspects of nitinol as a biomaterial. International
Materials Reviews, 2001, vol. 46, pp. 233-250. DOI: 10.1179/095066001771048745.

25. Zhang Q., Dong J., Peng M., Yang Z., Wan Y., Yao F., Zhou J., Ouyang C., Deng X., Luo H. Laser-induced
wettability gradient surface on NiTi alloy for improved hemocompatibility and flow resistance. Materials Science
and Engineering: C, 2020, vol. 111, p. 110847. DOI: 10.1016/j.msec.2020.110847.

26. Gyorgy E., Pérez del Pino A., Serra P., Morenza J.L. Structure formation on titanium during oxidation
induced by cumulative pulsed Nd:YAG laser irradiation. Applied Physics. A, Materials Science & Processing, 2004,
vol. 78 (5), pp. 765-770. DOI: 10.1007/s00339-002-2054-8.

27.Zhu H.-Z., Zhang H.-C., Ni X.-W., Shen Z-H., Lu J. Fabrication of superhydrophilic surface on metallic nickel
by sub-nanosecond laser-induced ablation. AIP Advances, 2019, vol. 9 (8), p. 085308. DOI: 10.1063/1.5111069.

28. Wang Y., Zhang M., Li K., Hu J. Study on the surface properties and biocompatibility of nanosecond
laser patterned titanium alloy. Optics and Laser Technology, 2021, vol. 139, p. 106987. DOI: 10.1016/.
optlastec.2021.106987.

29. Milovanovi¢ D.S., Radak B., Gakovi¢ B.M., Batani D., Mom¢ilovi¢ M.D., Trtica M.S. Surface morphology
modifications of titanium based implant induced by 40 picosecond laser pulses at 266nm. Journal of Alloys and
Compounds, 2010, vol. 501 (1), pp. 89-92. DOI: 10.1016/j.jallcom.2010.04.047.

30. Owens D.K., Wendt R.C. Estimation of the surface free energy of polymers. Journal of Applied Polymer
Science, 1969, vol. 13 (8), pp. 1741-1747. DOI: 10.1002/app.1969.070130815.

31. Razi S., Madanipour K., Mollabashi M. Laser surface texturing of 316L stainless steel in air and water:
a method for increasing hydrophilicity via direct creation of microstructures. Optics & Laser Technology, 2016,
vol. 80, pp. 237-246. DOI: 10.1016/j.optlastec.2015.12.022.

32. Kietzig A., Mirvakili M., Kamal S., Englezos P. Nanopatterned metallic surfaces: their wettability and impact
on ice friction. Journal of Adhesion Science and Technology, 2011, vol. 25, pp. 1293-1303.

33. Shulepov M.A., Erofeev M.V., Ripenko V.S., Tarasenko V.F. Dynamics of titanium surface characteristics
after its treatment by runaway electron preionized diffuse discharge. Journal of Physics: Conference Series, 2017,
vol. 830, p. 012090. DOI: 10.1088/1742-6596/830/1/012090.

34. Wang R.M., Chu C.L., Hu T., Dong Y.S., Guo C., Sheng X.B., Lin P.H., Chung C.Y., Chu P.K. Surface XPS
characterization of NiTi shape memory alloy after advanced oxidation processes in UV/H, O, photocatalytic system.
Applied Surface Science, 2007, vol. 253 (20), pp. 8507-8512. DOI: 10.1016/j.apsusc.2007.04.018.

35. Hashimoto K., Irie H., Fujishima A. TiO, photocatalysis: a historical overview and future prospects. Japanese
Journal of Applied Physics, 2005, vol. 44 (12), pp. 8269—8285. DOI: 10.1143/JJAP.44.8269.

36. Miyauchi M., Nakajima A., Fujishima A., Hashimoto K., Watanabe T. Photoinduced surface reactions on
TiO, and SrTiO; films: photocatalytic oxidation and photoinduced hydrophilicity. Chemistry of Materials, 2000,
vol. 12, pp. 3-5. DOI: 10.1021/cm990556p.

Vol. 26 No. 4 2024 %



% OBRABOTKA METALLOV MATERIAL SCIENCE

37. Miyauchi M., Nakajima A., Watanabe T., Hashimoto K. Photocatalysis and photoinduced hydrophilicity of
various metal oxide thin films. Chemistry of Materials, 2002, vol. 14, pp. 2812-2816. DOI: 10.1021/cm020076p.

38. Gentleman M.M., Ruud J.A. Role of hydroxyls in oxide wettability. Langmuir, 2010, vol. 26 (3), pp. 1408—
1411. DOI: 10.1021/1a903029c¢.

39. Rudakova A.V., Emelin A.V. Fotoindutsirovannoe izmenenie gidrofil’nosti poverkhnosti tonkikh plenok
[Photoinduced change in surface hydrophilicity of thin films]. Kolloidnyi zhurnal = Colloid Journal, 2021, vol. 83 (1),
pp- 3-34. DOI: 10.31857/S0023291221010109.

40. Cui C.Y., Cui X.G.,Ren X.D., Qi M.J., Hu J.D., Wang Y.M. Surface oxidation phenomenon and mechanism
of AISI 304 stainless steel induced by Nd: YAG pulsed laser. Applied Surface Science, 2014, vol. 305, pp. 817-824.

41. Gudimova E., Meisner L., Lotkov A., Matveeva V., Meisner S., Matveev A., Shabalina O. In vitro
biocompatibility of the surface ion modified NiTi alloy. AIP Conference Proceedings, 2016, vol. 1783, p. 020071.
DOI: 10.1063/1.4966364.

42. Poletika T.M., Girsova S.L., Meisner L.L., Schmidt E.Yu., Meisner S.N. The structure of the NiTi
surface layers after the ion-plasma alloying of Ta. AIP Conference Proceedings, 2015, vol. 1683 (1), p. 020183.
DOI: 10.1063/1.4932873.

43. Semin V.O., Gudimova E.Y., Timoshevskaya S.Y., Yakovlev E.V., Markov A.B., Mesner L.L. Structure
and chemical state of oxide films formed on crystalline TiNi alloy and glassy Ti-Ni-Ta-Si surface alloy. Journal
of Materials Engineering and Performance, 2023, vol. 32, pp. 8478-8492. DOI: 10.1007/s11665-022-07727-y.

Conflicts of Interest

The authors declare no conflict of interest.

© 2024 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY li-
cense (http://creativecommons.org/licenses/by/4.0).

% Vol. 26 No. 4 2024



